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ABSTRACT OF DISSERTATION

EPIGENETIC REGULATION OF HORMONE ACTION IN THE RED FLOUR
BEETLE, TRIBOLIUM CASTANEUM (HERBST)
Hormones are the chemical communication signaling molecules released into the
body fluid to stimulate target cells of multicellular organisms. Two major hormones,
ecdysteroids (20-hydroxyecdysone, 20E, is the most active form) and juvenile hormones
(JH), regulate a wide variety of physiological and developmental processes in insects.
Therefore, these hormones have been extensively studied and are attractive targets for the
development of target-specific insect control methods. Recent studies suggest that
epigenetics adds another layer of regulation to explain multiple functions of the same
circulating hormone in different tissues and at various time points. In my dissertation, I
focused on a major post-translational modification, ‘acetylation,’ to elucidate the
epigenetic mechanisms involved in the regulation of juvenile hormone action. Two highly
conserved enzymes mediate the acetylation of histones, histone acetyltransferases (HATs)
and histone deacetylases (HDACs), which mediate the addition or removal of the acetyl
group to histones and other proteins.
The first part of my dissertation identified the genes coding for HDACs in
Tribolium castaneum and studied their function using RNA interference (RNAi).
Knockdown of 12 HDAC genes showed variable phenotypes; the most severe phenotype
was detected in insects injected with double-stranded RNA (dsRNA) targeting class I
(HDAC1, HDAC3) and class IV (HDAC11) HDACs. The dsHDAC1 injected larvae
showed arrested growth and development and eventually died during the larval stage. The
larvae injected with dsHDAC11 also showed similar phenotype as dsHDAC1 injected
larvae. The knockdown of the HDAC3 gene during the final instar larval stage resulted in
a pupa that showed abnormally folded wings and mortality. Application of JH analog
hydroprene to the T. castaneum larvae suppressed the expression of HDAC1, HDAC3, and
HDAC11 genes. Sequencing of RNA isolated from control and dsHDACs injected larvae
identified several differentially expressed genes, including those involved in JH action. The
acetylation levels of core histones showed an increase in TcA cells exposed to JH III or
dsHDACs. Knockdown of class III ‘sirtuins deacetylase’ did not cause significant
developmental defects or mortality.
The second part of my research focused on histone acetyltransferases (HATs), a
superfamily of enzymes that acetylate histones and other proteins. Knockdown of four
genes coding for N-acetyltransferases showed severe developmental defects and larval
mortality. Interestingly, knockdown of an N-a-acetyltransferase, NAA40 (TC015921)
induced severe developmental defects and mortality. 20E induced NAA40 expression in

TcA Cells. Knockdown of NAA40 during the final instar larvae suppressed the expression
of genes coding for proteins involved in 20E action. Overall, these data suggest that
epigenetic modifications influence hormone action by modulating acetylation levels of
histones and by affecting the recruitment of proteins involved in the regulation of hormone
response genes.
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CHAPTER 1. LITERATURE REVIEW
Introduction
Insects constitute the most dominant, species-rich, and diverse group of organisms
on earth. Their small size, short generation times, and ability to fly permits successful
domination and dispersal to different new environments. Insects have a unique chitinous
exoskeleton, a key feature of phylum Arthropoda, which serves as a protective barrier and
structure for muscle attachment. However, the presence of exoskeleton poses a significant
problem for growth. To overcome this growth limitation, insects undergo a unique
physiological adaption called molting (replacement of old cuticle by synthesizing new
integument). Another necessary adaptation insect process is the metamorphosis (change in
form as an insect develops from an immature to an adult). Hormones regulate the postembryonic development comprising molting and metamorphosis (Klowden, 2013).
Hormones are the chemical signaling molecules produced in the endocrine glands,
transported through the body fluids (circulatory system), to stimulate target cells of
multicellular organisms that allow communication among cells. Ligation experiments by
Kopeć demonstrated the influence of the brain on the initiation of the processes of
metamorphosis (Kopeć, 1922). Similarly, ligation experiments by Fukuda showed
evidence that molting is also controlled by hormones secreted by the prothoracic glands
(Fukuda, 1944). Two essential hormones, ecdysteroids (20-hydroxyecdysone, 20E is the
most active form) and juvenile hormones (JH), regulate a wide variety of physiological
and biological development processes in insects. These two hormones have been
extensively studied because of their specific involvement in the regulation of diverse
biological processes, including diapause, reproduction, and polyphenisms (Riddiford,
1

1994, 2012; Wigglesworth, 1934). Insects with various developmental strategies
(holometabolous and hemimetabolous) follow a similar hormone signaling pathway to
commit to adult morphogenesis (Konopova, Smykal, & Jindra, 2011).

Juvenile hormones
JH refers to a group of acyclic sesquiterpenoids secreted by the corpora allata (an
endocrine gland in the head region of insects), which plays an essential role in larval
development (Jindra, Palli, & Riddiford, 2013). JH was first discovered by Wigglesworth
(Wigglesworth, 1934) in the blood-sucking bug, Rhodnius prolixus. The presence of JH
promotes the expression of larval characteristics and prevents pupal and adult
morphogenesis. Multiple JHs including JH 0, JH I, 4-methyl JH I, JH II, JH III, JH III
bisepoxide, JH III skipped bisepoxide, and JH III acid have been identified (Klowden,
2013). JH III is the most commonly found form of JH. Since JH is insect-specific, and it
regulates many physiological processes, alteration in hormone biosynthesis could be a safe
strategy for the development of target-specific insecticides to serve as insect growth
regulators for pest management (Jindra et al., 2013). Given the significance, it is important
to understand the mechanism and mode of action the hormones.
JH is lipophilic and requires some binding molecules for preventing degradation
and ease of transportation. The JH signaling cascade is a complex molecular process and
involves many significant players. The first player is the JH receptor gene Methoprenetolerant (Met) (Wilson & Fabian, 1986). Met is a member of the basic helix-loop-helix
(bHLH) family of transcription factors capable of transcriptional regulation (Ashok,
Turner, & Wilson, 1998; Charles et al., 2011a). Met is conserved, constitutively expressed,

2

and an essential mediator of the regulation of metamorphosis in Tribolium castaneum
(Konopova & Jindra, 2007). Besides, Met prevents the premature development of adult
structures during larval-pupal metamorphosis (Parthasarathy, Tan, & Palli, 2008).
Researches from our lab identified that a binding partner, SRC- a steroid receptor coactivator homolog, is required for JH-Met mediated signal transduction (Z. L. Zhang, Xu,
Sheng, Sui, & Palli, 2011). The hormone-protein complex binds to the juvenile hormone
response element (JHRE) in the promoters of JH-response genes and mediates their
expression.
Many genes that are regulated by JH have been identified, and the best-known
candidate gene is Krüppel homolog 1 (Kr-h1). Kr-h1 is an early JH response gene
downstream of Met, and RNAi mediated knockdown causes a precocious larval-pupal
transition in the red flour beetle (Minakuchi, Namiki, & Shinoda, 2009). Using a cell line
derived from Tribolium embryos, JHRE containing canonical E-box motif (CAGGTG) was
identified in the promoter of the Kr-h1 gene (Kayukawa, Tateishi, & Shinoda, 2013).
Another important gene is transcription factor ‘broad’ with Broad-complex, Tramtrack,
and Bric a Brac (BTB) and zinc finger domains. Broad (BR-C) suppresses the precocious
development of adult structures during pupation (Parthasarathy, Tan, Bai, & Palli, 2008).
Recent studies revealed that kr-h1 binds to the promoter region of broad and
transcriptionally represses the activation (Kayukawa et al., 2016). In summary, JH/Metdependent Kr-h1 activity mediates the larval development, and the low hormone titers and
subsequent low transcription of kr-h1 expression in the last instar larvae create a pupal
commitment stage. Finally, the absence of JH and high expression of ecdysteroids creates
an adult transition stage and complete metamorphosis (Konopova et al., 2011).
3

Ecdysteroids
Ecdysteroids are the group of steroid hormones synthesized by the prothoracic
glands that control insect developmental transition. Signals from the brain activate
prothoracicotropic hormone (PTTH), which in turn triggers the production of ecdysteroids.
The ecdysteroids, along with varied JH titers, determine the type of molting. Ecdysteroids
are derived from sterol precursor, cholesterol. There are multiple analogs because of the
positions of hydroxyl groups on the frame. 20-hydroxyecdysone (20E) is the most active
form of the molting hormone (Klowden, 2013). Halloween genes (phantom, disembodied,
shadow, shade, spook) a set of genes whose products mediate ecdysone biosynthesis
(Rewitz, Rybczynski, Warren, & Gilbert, 2006). 20E binds to the nuclear ecdysteroid
receptor (EcR), and the product of ultraspiracle gene (USP) and this heterodimer hormoneprotein complex induces a cascade of gene expressions and repression events by binding
to the ecdysone response element at the promoter regions of early genes (E74, E75) and
late genes (HR3, E93) (Palli, 2016). In T. castaneum, pupal specifier gene BR-C is
expressed during the pre-pupal period (quiescent stage) in the presence of both JH and 20E
(Palli, 2016). Another essential transcription factor gene that responds to the 20E titer is
the ecdysone response gene, E93. dsRNA mediated knockdown of E93 disrupts adult
differentiation and produces supernumerary pupal phenotype (Urena, Manjon, FranchMarro, & Martin, 2014). Advanced genomic studies revealed the role of multiple
epigenetic factors that interact and regulate hormone-protein complex-mediated gene
expression.
Epigenetics regulation of hormone action
The basic functional unit of chromatin is the nucleosome, which is composed of
DNA wrapped around histones (H2A, H2B, H3, and H4). Core histone tails are projected
from nucleosomes and are subject to post-translational modifications (PTM). These
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include methylation (Me), acetylation (Ac), phosphorylation (Ph), and ubiquitination (Ub).
The primary epigenetic regulators can be categorized as writers, erasers, and readers of
PTMs. Epigenetic writers add chemical tags, whereas, erasers catalyze the removal of the
covalent modifications. Epigenetic changes contribute to flexible and reversible gene
regulation by chemical tags, without altering the genetic makeup of an organism (Goldberg,
Allis, & Bernstein, 2007; Jaenisch & Bird, 2003). The major epigenetic modifications DNA
modifications, histone modifications, and microRNA regulation alone, or in combination
with other transcriptional regulatory events regulate gene activity and expression patterns
during development and growth (J. C. Chuang & Jones, 2007; Feinberg & Tycko, 2004;
Kouzarides, 2007). In eukaryotes, epigenetic mechanisms are regulated by histone
modifications, including acetylation and deacetylation, which are controlled by lysine
acetyltransferases (KATs or Histone acetyltransferases HATs) and by lysine deacetylases
(KDACs or histone deacetylases HDACs), which have opposing activity as shown in
Figure 1.1 (X. J. Yang & Seto, 2007). Transcription factors regulate gene expression, and
the highly supercoiled DNA structure makes it difficult for them to access DNA. One
significant modification is the modulation of the positive charge density of core histone by
the addition or removal of acetyl groups (Mukherjee, Twyman, & Vilcinskas, 2015). Lysine
acetylation is a reversible posttranscriptional modification of proteins. It plays a crucial
role in targeting large macromolecular complexes involved in diverse cellular processes,
such as chromatin remodeling, cell cycle, splicing, nuclear transport, and actin nucleation
(Choudhary et al., 2009).
The role of acetylation in hormonal regulation of gene expression has been reported.
Histone modifying enzymes can regulate nuclear receptor expression and activity (Leader,
5

Wang, Fu, & Pestell, 2006). In D. melanogaster, many acetylation sites were identified in
the proteome using high-resolution mass spectrometry (Weinert et al., 2011). The role of
HDACs and HATs in epigenetic reprogramming during metamorphosis, wounding, and
infection in Galleria mellonella have been reported (Mukherjee, Fischer, & Vilcinskas,
2012). Many nuclear receptors are subjected to acetylation, which regulates their stability,
ligand sensitivity, and transactivation potential (Leader et al., 2006; Zhao et al., 2014).
Reversible post-translational modification of proteins plays a critical role in cell signaling
by regulating protein activity, stability, localization, and protein-protein interactions.
Phosphorylation of serine, threonine, and tyrosine is one of the most prevalent and
extensively studied PTMs. Reversible acetylation of lysine is another abundant
modification with fundamentally critical regulatory functions (Weinert et al., 2011). The
HAT activity of CREB-binding protein (CBP) involved in acetylation of H3K27 is required
for sox14 expression, which is an ecdysone response gene (Kirilly et al., 2011b). Besides
the acetylation of histones, the acetylated nuclear proteins such as transcriptional factors
FOXO and p53 are also involved in the regulation of gene expression (Pramanik, Fofaria,
Gupta, & Srivastava, 2014; van der Heide & Smidt, 2005). Both acetylation and
deacetylation play important roles in gene regulation and have been implicated in plant
hormone signaling (Yamamuro, Zhu, & Yang, 2015). An increasing number of recent
studies suggest a link between epigenetic regulation and hormone action. Recent studies
indicate that acetylation of specific lysine residues of histone contributes specifically to the
dynamic regulation of transcription in 20E induced genes (Bodai et al., 2012a). However,
the possible role of acetylation in JH action is not explored yet.
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Insects are excellent models to study physiology, molecular biology, and even
evolution (Klingler, 2004). T. castaneum (Herbst) belongs to the family Tenebrionidae, is
a universal pest of stored grain products, and a powerful model organism for developmental
and toxicology studies. It serves as an excellent model to explore epigenetic studies
because of the availability of complete genome sequence, short generation times, and
ethical acceptability and amenable to genetic manipulation. The whole genome was
sequenced and described in 2008 (Tribolium Genome Sequencing et al., 2008).

The goals of this study
Hormones affect a variety of physiological processes, including embryogenesis,
post-embryonic development, behavior, caste determination, reproduction, and diapause.
Hormones work along with the nervous system to provide the necessary communication
between all the cells. The study of alterations in gene expression potential that arise during
development and cell proliferation is called epigenetics. Protein acetylation is a chemical
modification that is linked to transcription and is regulated by enzymes, acetylase, and
deacetylase. However, the role of acetylation and the regulation pattern of hormonal action
in insects is scarce. We still do not know much about the target of the epigenetic machinery
in transcription factors, co-repressors, and co-regulators of insect hormone action. An
increasing number of studies suggest a link between epigenetic regulation and hormone
action. Advanced genome sequencing technologies have facilitated active investigation to
identify target genes and explore the molecular processes that are regulated by these
hormones. It is imperative to identify the major players of hormonal regulation and their
mechanism. Insect growth regulators (IGR) typically work by mimicking or inhibiting the
hormones. IGR that mimic JH can produce premature molting of early immature stages,
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disrupting larval development. IGRs that inhibit ecdysone can cause pupal mortality by
interrupting the transformation of larval tissues into adult tissues during the pupal stage.
Now we know that JH exerts diverse functions in different tissues and under various
physiological conditions. We thought that epigenetic and post-translational modification
of proteins involved in JH action plays a critical role in gene regulation.
Therefore, to fill the critical knowledge gaps in understanding the molecular
mechanisms underlying transcriptional regulation of many JH-dependent events,
especially with a focus on protein interaction with chemical modification, this research
investigated the role of major histone acetyltransferases (HATs) and histone deacetylases
(HDACs) in T. castaneum. First, I identified the HDACs homologs of T. castaneum and
performed preliminary screening. Chapter 2 concentrates on identifying and classifying
histone deacetylases genes and studies the role of HDAC1 in the regulation of the JH
response gene Kr-h1. Chapter 3 investigated the role of HDAC3 in development and
metamorphosis. Chapter 4 explains the functions of HDAC11. Chapter 5 includes the
screening of main classes of HAT genes and a detailed study on N(alpha)-acetyltransferase
40 (NAA40). The information gained from this research can be applied to other essential
insect vectors for their management and control as well.
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Figure 1.1 A schematic representation of histone acetylation and deacetylation

Histone acetylation by histone acetyltransferases (HATs) is associated with transcriptional
activation, whereas histone deacetylation by histone deacetylases (HDACs) is associated
with transcriptional repression.
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CHAPTER 2. HISTONE DEACETYLASE 1 SUPPRESSES KRÜPPEL HOMOLOG 1 GENE
EXPRESSION AND INFLUENCES JUVENILE HORMONE ACTION IN TRIBOLIUM CASTANEUM
A significant part of this chapter has been published as “Histone deacetylase 1 suppresses
krüppel homolog 1 gene expression and influences juvenile hormone action in Tribolium
castaneum” in Proceedings of the National Academy of Sciences of the United States of
America,

September

3,

2019,

116

(36)

17759-17764

https://doi.org/10.1073/pnas.1909554116 with the following authors: Smitha George,
Sharath Chandra Gaddelapati, and Subba Reddy Palli.

Summary
Post-translational modifications, including acetylation and deacetylation of
histones and other proteins, modulate hormone action. In Tribolium castaneum TcA cells,
Trichostatin A, a histone deacetylase (HDAC) inhibitor, mimics juvenile hormone (JH) in
inducing JH response genes (e.g., Kr-h1) suggesting that HDACs may be involved in JH
action. To test this hypothesis, we identified genes coding for HDACs in T. castaneum and
studied their function. Knockdown of 12 HDAC genes showed variable phenotypes; the
most severe phenotype was detected in insects injected with double-stranded RNA
targeting HDAC1 (dsHDAC1). The dsHDAC1-injected insects showed arrested growth
and development and eventually died. Application of JH analogs hydroprene to T.
castaneum larvae and JH III to TcA cells suppressed HDAC1 expression. Sequencing of
RNA isolated from control and dsHDAC1 injected larvae identified 1,720 differentially
expressed genes, of which 1,664 were up-regulated in dsHDAC1-treated insects. The
acetylation levels of core histones were increased in TcA cells exposed to dsHDAC1 or JH
III. Western blot analysis using the antibodies that recognize acetylated lysines showed

that the acetylation levels of core histones increased in HDAC1 knockdown TcA cells and
larvae. Treatment of TcA cells or T. castaneum larvae with JH III or hydroprene
respectively also caused an increase in acetylation levels of histones. These data suggest
that epigenetic modifications influence JH action by modulating acetylation levels of
histones and by affecting the recruitment of proteins involved in the regulation of JH
response genes.
Keywords: Epigenetics, Kr-h1, histone, hydroprene, HDAC1
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Introduction
The major epigenetic changes, such as DNA and histone modifications and
microRNA regulation by themselves or in combination with other proteins, regulate gene
expression (J. C. Chuang & Jones, 2007; Feinberg & Tycko, 2004; Kouzarides, 2007).
Post-translational

modifications

(PTM),

including

acetylation,

phosphorylation,

methylation, ubiquitination, and sumoylation of histones, play important roles in the
epigenetic regulation of chromatin. One of the common PTMs of histones is acetylation by
multiprotein complexes containing histone acetyltransferases (HATs) and histone
deacetylases (HDACs) that add or remove acetyl groups, respectively (Marmorstein &
Zhou, 2014). The modulation of the positive charge density of core histone by lysine
acetylation is a reversible PTM that plays key roles in the formation and function of large
macromolecular complexes involved in diverse cellular processes such as chromatin
remodeling, cell cycle, splicing, nuclear transport, and actin nucleation (Choudhary et al.,
2009).
HDACs belong to a highly conserved family of proteins that regulate gene
expression through histone modifications as well as forming complexes with transcription
activators and repressors (Seto & Yoshida, 2014). Besides acetylation and deacetylation of
histones, HATs and HDACs interact with and/or modulate acetylation levels of many
receptors, transcription factors, co-activators, co-repressors, and influence their function in
the regulation of gene expression (Verdone, Agricola, Caserta, & Di Mauro, 2006). Histone
modifying enzymes are also known to regulate nuclear receptor expression and activity;
many nuclear receptors are subjected to acetylation that regulates their stability, ligand
sensitivity, and transactivation (Jaenisch & Bird, 2003; Leader et al., 2006). In the fruit fly,
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Drosophila melanogaster, many acetylation sites were identified in the proteome using
high-resolution mass spectrometry (Weinert et al., 2011). Research in D. melanogaster and
other eukaryotes showed that HDAC1 in complex with co-repressor, SIN3, is often
associated with sites of transcription repression (Pile & Wassarman, 2000). The
knockdown of the HDAC1 gene increased acetylation levels of histone H3 and H4 (Pile,
Schlag, & Wassarman, 2002). It caused the up-regulation of genes involved in multiple
processes, including nucleotide and lipid metabolism, DNA replication, cell cycle
regulation, and signal transduction (Foglietti et al., 2006).
The two major insect hormones, ecdysteroids (20-hydroxyecdysone, 20E is the
most active form) and juvenile hormone (JH), regulate many developmental and
physiological processes (Riddiford, 2012). These hormones have been extensively studied
because of their potential use as targets to develop methods for insect pest management
(Jindra et al., 2013; Riddiford, 1994). Recent studies identified Methoprene-tolerant (Met)
and steroid receptor co-activator (SRC, also known as Taiman in D. melanogaster and
FISC in Aedes aegypti), which act as receptor protein and its binding partner, respectively,
in JH signal transduction (Charles et al., 2011b; Wilson & Fabian, 1986; Z. L. Zhang et al.,
2011). Many genes that are regulated by JH have been identified; one gene consistently
identified as an important transcription factor in JH action is Krüppel homolog 1 (Kr-h1)
(Benevolenskaya, Frolov, & Birchler, 2000; Minakuchi, Zhou, & Riddiford, 2008). Recent
studies in D. melanogaster, Bombyx mori, A. aegypti, Blatella germanica, Tribolium
castaneum, and other insects showed that Kr-h1 repression of key genes Broad-Complex
(BR-C), a pupal specifier, and E93, involved in the adult development and steroidogenic
enzymes, during immature stages (Belles & Santos, 2014; Gujar & Palli, 2016; Kayukawa
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et al., 2016; Ojani, Fu, Ahmed, Liu, & Zhu, 2018a; Urena, Chafino, Manjon, FranchMarro, & Martin, 2016; Urena et al., 2014; Tianlei Zhang et al., 2018). The role of posttranslational modifications, including acetylation and phosphorylation in JH and 20E
action, has been reported (Bodai et al., 2012b; P. Liu, Peng, & Zhu, 2015). In B. germanica
and T. castaneum, the CBP (CREB-binding protein. a multifunction transcription factor
and acetyltransferase) was shown to be involved in the post-embryonic development and
metamorphosis by regulating the expression of Kr-h1, BR-C, and E93, the three key players
in the endocrine regulation of metamorphosis (Fernandez-Nicolas & Belles, 2016; Roy,
George, & Palli, 2017; Xu, Roy, & Palli, 2018). The CBP is required for the acetylation of
H3K18 and H3K27 in both larvae of T. castaneum and a cell line TcA developed from this
insect (Roy et al., 2017; Xu et al., 2018). We previously showed that the Trichostatin A
(TSA), an inhibitor of histone deacetylases (HDAC) mimics JH in the induction of JHresponse genes such as Kr-h1 in a dose- and time-dependent manner (Xu et al., 2018)
suggesting that one or more HDACs may be involved in JH action. Hence, the main goal
of current studies is to identify HDACs involved in the expression of JH-response genes
and investigate their mechanism of action in the regulation of growth and development
using T. castaneum as a model insect.

Materials and methods
Insect rearing and staging
GA-1 strain of red flour beetle, T. castaneum (Haliscak & Beeman, 1983) was
maintained on organic wheat flour (Heartland mill, Marienthal, KS) mixed with 10% yeast
(Bakers dried active, MP biomedicals, Solon, OH). The insects were maintained in the
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complete dark at 30°C and 65±5% relative humidity. Under these conditions, the lifecycle
is completed in 40-45 days, with five to six larval molts. Different stages were identified
based on size, color, and the number of days after hatching. The newly molted final instar
larvae were identified based on the untanned white cuticle and head capsule size. The
quiescent larval stage was recognized by the ‘C’ shape. Untanned white-colored pupae
were considered as the newly molted pupae.
Cell culture
The T. castaneum cells, BCIRL-TcA-CLG1 (TcA) were maintained in Ex-cell 420
medium (Sigma-Aldrich, St.Louis, MO) supplemented with 10% Fetal Bovine Serum
(FBS, VWR-Seradigm, Radnor, PA) at 28°C (C. L. Goodman et al., 2012). The cells were
seeded in 6-well plates. The next day, 10 µm JH III (Sigma-Aldrich) dissolved in dimethyl
sulfoxide (DMSO, Sigma-Aldrich) was added to the culture medium for six hours. The
control cells were cultured in the medium supplemented with the same concentration of
DMSO. After treatment, the cells were harvested, and total RNA was isolated using the Tri
reagent-RT (Molecular Research Center Inc., Cincinnati, OH). The RNA was used to
quantify the expression of the HDAC1 gene using RT-qPCR. For determination of
knockdown efficiency, the cells were exposed to dsRNA for 72 h, followed by RNA
extraction and RT-qPCR to determine mRNA levels of target genes. The cells were
harvested after 24 h of treatment for protein extraction.
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Hormone treatments
Technical grade compound S-Hydroprene (Ethyl 3, 7, 11-trimethyl-2, 4dodecadienoate) from Sigma-Aldrich was dissolved in cyclohexane and used for topical
application of larvae. Cyclohexane was used as a control.
Double-stranded RNA synthesis (dsRNA) and microinjection
T. castaneum HDAC orthologues were identified by searching for Drosophila
homologs of HDACs in FlyBase (Thurmond et al., 2019). The fragments (300-500 bp) of
T. castaneum HDAC genes were amplified using target gene-specific primers containing
T7 promoters’ sequences at the 5’ end. The purified PCR fragments and the MEGAscript
T7 kit (Thermo Fisher Scientific, Waltham, MA) were used for dsRNA synthesis. The
DNA templates were digested with DNase (Ambion Inc., Austin, TX), followed by
purification using phenol-chloroform extraction and ethanol precipitation. The quality of
dsRNA was checked by agarose gel electrophoresis, and the concentration was measured
using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA).
Newly molted last instar larvae (day 0) were immobilized by keeping on the ice and then
placed them on double-sided sticky tape over a glass slide. Approximately 200-250 nl of
5-7 µg/µl dsRNA was injected into the dorsal side of the abdomen using a Drummond
Nanoject III fitted with 3.5” glass capillary tube, pulled by a needle puller (Model P-1000,
Sutter Instruments, Novato, CA). After injection, the insects were reared using under
standard conditions.
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RNA isolation, cDNA synthesis and quantitative reverse transcription PCR (RTqPCR)
Total RNA was extracted from treated and control insects using TRI reagent-RT.
cDNA was synthesized from 2 µg of RNA samples using M-MLV reverse transcriptase
(Thermo Fisher Scientific) in a 20 µl reaction as per manufacturer’s protocol. The diluted
(5X) cDNA, gene-specific primers and iTaq Universal SYBR Green Supermix (Bio-Rad,
Hercules, CA) were used in RT-qPCR.
RNA-sequencing library preparation (RNA-seq), Illumina sequencing, data analysis,
and annotation
Total RNA extracted using the TRI reagent-RT was used for RNA-seq library
preparation following the library preparation protocol described previously (Hunt, 2015;
Kalsi & Palli, 2017; Ma, Pati, Liu, Li, & Hunt, 2014). Briefly, samples were quantified
using a Nanodrop and subjected to poly (A) enrichment using oligo-dT magnetic beads
(New England Biolabs, Ipswich, MA) followed by RNA fragmentation and cDNA
synthesis. High-performance SMARTScribeTM Reverse Transcriptase enzyme (TakaraClontech, Mountain View, CA), barcoded reverse transcriptase primers, and strandswitching primers SMART7.5 (Exiqon) were used for cDNA synthesis. The cDNA (300600bp) was selected using HighPrepTM PCR, clean up beads (MAGBIO, Gaithersburg,
MD). The size-selected tags were amplified using Phire Hot Start II DNA polymerase
(Thermos Scientific) with primer adapters for Illumina sequencing. The PCR products
were purified, and quality was accessed using a Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA; Model 2100). The equimolar concentration of barcoded libraries was
pooled based on a concentration estimate from the bioanalyzer and nanodrop. The pooled
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libraries were sequenced using the Illumina Hiseq 4000 sequencer at Duke University
Sequencing and Genomic Technologies (NC, USA). Raw reads were demultiplexed,
trimmed, and transcripts were mapped back to the T. castaneum reference genome
(assembly Tcas5.2) following the CLC genomic workbench pipeline (Version 9.5.9).
Normalized gene expression levels were subjected to differential gene expression analysis
using Baggerley’s test or ‘Empirical analysis of DGE’ (EDGE) using default parameters.
Differentially expressed genes were identified and filtered to transcripts ≥2-fold change
and the P-value cutoff ≤ 0.05. Differentially expressed up-regulated genes were submitted
to the Blast2GO Pro Plugin with the CLC workbench and GO terms were identified and
represented using Web Gene Ontology Annotation Plot (WEGO) (Ye et al., 2006). Shortread (Illumina HiSeq 4000) sequence data are available in the NCBI SRA with the
accession no PRJNA495026.
Protein extraction and western blotting
The larvae were crushed in liquid nitrogen and lysed on ice using RIPA lysis buffer
(Radioimmunoprecipitation assay buffer- 0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5%
deoxycholic acid, 10% NP-40, 10mM EDTA- Millipore Sigma, MA, USA) supplemented
with protease inhibitor cocktail (Halt, ThermoFisher, Rockford, IL, USA). Samples were
incubated on ice for 5-10 minutes, and 1/10th volume of 5M NaCl was added to release
chromatin-bound proteins (Weinert et al., 2011). The lysate was clarified by
microcentrifugation and then precipitated overnight at -20°C by adding in order 1:8:1 ratio
of lysate: ice-cold acetone: Trichloroacetic acid (TCA). Pellets were washed in ice-cold
acetone, dried, and dissolved in 10% SDS. Protein concentrations were determined using
the Bio-Rad protein assay concentrate and standard (Bio-Rad, Hercules, CA, USA).
18

Samples were denatured at 95°C for 5 min in 5X SDS loading buffer and resolved on 12
% SDS-polyacrylamide gels. The proteins were transferred to the nitrocellulose membrane
and blocked in blocking buffer for one h at room temperature. The membranes were
washed and incubated with specific primary antibodies targeting acetylated lysines (Cell
Signaling Technology, Danvers, MA) overnight at 4°C with gentle shaking. Anti-rabbit
IgG, HRP-linked antibody (Cell signaling #7074), and chemiluminescence detection
(SuperSignal™ West Femto Maximum Sensitivity Substrate, ThermoFisher, Rockford, IL)
were used for protein detection.
Imaging and documentation
We used Unitron (Z850) motorized automated deep focus stereomicroscope
(Olympus SZ) imaging system with Canon EOS Rebel T5i (Micro source Imaging) for
capturing the phenotypes.
Statistical analysis
Statistical analyses were performed using JMP 12.0 (SAS Institute Inc., Cary, NC)
to test for statistical differences among treatments. One-way ANOVA was performed for
comparison of expression data. Post hoc tests were made using the Tukey-Kramer HSD
method (α=0.05).

Results
Identification, classification, and characterization of HDACs in T. castaneum
The HDACs genes from D. melanogaster (Thurmond et al., 2019) were used to
search the T. castaneum genome, and 12 HDAC homologs were identified. Based on their
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sequence similarity with the HDACs reported from D. melanogaster and other organisms.
The T. castaneum HDACs were classified into four classes [Class I (three genes, similar to
yeast RPD3), Class II (two genes, similar to yeast Hda1), Class III (six genes, sirtuins,
require nicotinamide adenine dinucleotide as a cofactor for their activity) and Class IV (one
gene, similar to mammalian HDAC11, Table 2.1)] (Bjerling et al., 2002; de Ruijter, van
Gennip, Caron, Kemp, & van Kuilenburg, 2003; Delcuve, Khan, & Davie, 2013; Fischle
et al., 2002; Nasir Javaid & Sangdun Choi, 2017). The T. castaneum HDAC classes were
re-confirmed by NCBI Blast and HMM superfamily domain searches (Gough, Karplus,
Hughey, & Chothia, 2001; Pandurangan, Stahlhacke, Oates, Smithers, & Gough, 2019).
dsRNA targeting 12 HDACs were synthesized using the gene-specific primers (Table 2.2).
Approximately 200 nl of dsRNA (5 µg/µl) targeting each HDAC gene was injected into
newly molted last instar larvae, pupae, and adults. Control animals were injected with
dsRNA targeting the gene encoding for maltose-binding protein from Escherichia coli
(malE). Mortality and developmental defects were recorded daily until death or adult
emergence in the case of larval and pupal injections. The knockdown of HDAC1 and
HDAC 11 caused 100% larval mortality (Fig. 2.1 A., Table 2.1). In addition, larval
mortality and significant pupal mortality were observed in animals injected with
dsHDAC3. Knockdown of class III Sirtuins did not cause significant mortality. Out of 12,
HDACs tested, HDAC1 knockdown caused the maximum effect. Therefore, further studies
were focused on HDAC1.
HDAC enzymes are required for the survival of larvae, pupae, and adults
The control insects injected with dsmalE pupated after five to six days and
developed into normal adults (Fig. 2.1 Ba-d). In contrast, dsHDAC1 injected larvae
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showed developmental arrest during the final instar larval stage and died during the
quiescent stage (Fig. 2.1 Be). Besides, a larval-pupal intermediate phenotype with the
dorsal split was observed when dsHDAC1 was injected into 72 h-old last instar larvae (Fig.
2.1 Bf). In these animals, removal of larval integument revealed a white-colored larvalpupal intermediate with dark eyes, sclerotized legs, and antennae. (Fig. 2.1 Bg).
Knockdown, in the expression of HDAC1 during the pupal stage, arrested the adult
development, and the pupae eventually died (Fig. 2.1 Bh). Moreover, HDAC1 knockdown
caused 90 to 100% mortality in pupae and adults at approximately five days after dsRNA
injection (Fig. 2.1 C). These data suggest that HDAC1 is required for survival and the
development of larvae, pupae, and adults.
Developmental expression and JH suppression of HDAC1
Since HDAC1 is required for the survival and development of larvae and pupae,
we determined the expression of this gene during larval and pupal stages. The mRNA levels
were quantified by RT-qPCR using gene-specific primers (Table 2.2). The maximum levels
of HDAC1 mRNA were detected at 24 h after entering the pupal stage (Fig. 2.2 A).
Treatment of last instar larvae with JH analog hydroprene for six h caused a significant
decrease in HDAC1 mRNA levels (Fig. 2.2 B). The expression of Kr-h1 (a JH response
gene) used as a positive control for JH response was induced by hydroprene treatment.
Similarly, exposure of T. castaneum TcA cells to JH III for six h caused a significant
decrease in HDAC1 mRNA levels (Fig. 2.2 B). These data suggest that JH suppresses the
expression of HDAC1. To determine whether JH suppression of HDAC1 expression is
mediated by JH receptor Met, dsMet or dsmalE was injected into the newly molted last
instar larvae. At 48 h after injections of dsRNA, the larvae were treated with hydroprene
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or cyclohexane for six h. As shown in Figure 2.2 C, hydroprene treatment caused a
significant decrease in HDAC1 mRNA levels in larvae injected with dsmalE, but not in
larvae injected with dsMet. The HDAC1 mRNA levels in Met knockdown larvae were
similar to those in control larvae treated with cyclohexane. As expected, HDAC1 mRNA
levels decreased, and Kr-h1 mRNA levels increase after hydroprene treatment of control
larvae injected with dsmalE. However, the suppression of HDAC1 and induction of Kr-h1
were reduced in the larvae injected with dsMet (Fig. 2.2 C). These data suggest that Met is
required for hydroprene suppression of HDAC1 and induction of Kr-h1 expression.
HDAC1 suppresses the expression of genes involved in JH action
Since JH suppresses the expression of HDAC1, we wanted to determine whether
the expression of genes involved in JH action or those induced by JH are affected by the
HDAC1 knockdown. We tested the injection of 1, 0.5, 0.25, and 0.125 µg of dsHDAC1 per
larvae and found that at 12 h after dsRNA injection, there was no significant difference in
HDAC1 mRNA levels between larvae injected with 0.25 or 0.125 µg of dsHDAC1 per
larvae and the control larvae injected with the same doses of dsmalE (Fig. 2.3 A). The
extent of phenotypes detected at 15 d after injection of dsRNA decreased in treatments
with 0.25 or 0.125 µg of dsHDAC1 per larvae; therefore, we decided to use 1 µg per larvae
in subsequent studies. A > 50% reduction in HDAC1 mRNA levels was detected at 12 h
after injection of 1 µg of dsHDAC1 into each final instar larvae. (Fig 2.3 B). The mRNA
levels of JH response genes Kr-h1 and 4EBP (Eukaryotic translation initiation factor 4Ebinding protein 2) showed an increase in HDAC1 knockdown insects compared with their
levels in control insects injected with dsmalE (Fig. 2.3 B). Similarly, the mRNA levels of
genes coding for SRC and CBP that are shown to be involved in JH action were increased
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in HDAC1 knockdown insects. The expression of Met increased by 1.1- to 1.7-fold in
dsHDAC1-injected insects compared with dsmalE-injected insects in three independent
experiments, but the differences were not statistically significant (Fig. 2.3 B).
We also determined mRNA levels of HSP90 (gene coding for heat shock protein)
to check whether the HDAC1 knockdown effect is universal. HSP90 mRNA levels were
not affected by HDAC1 knockdown (Fig. 2.3 B). These data suggest that HDAC1 may
function in the regulation of JH response gene expression during the larval stage. To
identify other genes whose expression is affected by HDAC1 knockdown, we sequenced
RNA isolated from HDAC1 knockdown and control insects. RNA samples isolated from
larvae at 12 h after injection of dsHDAC1 were sequenced. Run summary and read count
statistics are shown in Table. 2.3. Analysis of RNA-seq data identified 1,720 genes that are
differentially expressed between dsHDAC1- and dsmalE- treated larvae with a ≥2-fold
change P-value ≤ 0.05. The overall pattern of normalized mean expression values of DEG
is represented as heatmap (Fig 2.4 A). Among 1720 differentially expressed genes, 1664
were up-regulated, and the rest of them were down-regulated (Additional file 1-RNA-seq
data dsHDAC1). In Figure 2.4 B, the differential expression of genes is shown as a volcano
plot with red dots indicating the genes exhibiting statistically significant differences in
expression between treatment and control. The expression of some of the genes known to
function in 20E and JH action was affected by the HDAC1 knockdown; these genes include
Kr-h1, SRC, and CBP (Table 2.4). Gene ontology (GO) enrichment analysis of
differentially expressed genes (dsHDAC1 vs. control) against the Tribolium reference
transcriptome GOs revealed significant enrichment of the genes involved in the protein-

23

containing complex, protein binding, response to stimuli, signal transduction, and
transcription regulator activity (Fig. 2.4 C).
To confirm the gene expression differences revealed by the RNA-seq data, we
performed RT-qPCR for 20 selected genes. The 20 up-regulated genes in dsHDAC1 treated
larvae were selected based on the presence of DNA-binding domains with possible
functions as transcription factors (Table. 2.5). The differential expression levels of selected
genes obtained by the RNA-seq and RT-qPCR methods are compared in Figure 2.4 D.
Nineteen out of 20 genes tested showed an increase in mRNA levels in dsHDAC1-treated
larvae compared with control larvae treated with dsmalE (Fig. 2.5). Although the fold
differences in mRNA levels between treatment and control determined by RNA-seq and
RT-qPCR methods are not the same due to differences in sensitivity between the two
approaches, 19 out of 20 genes tested showed increased expression in HDAC1 knockdown
samples analyzed by both ways.
To identify genes that are induced by JH and affected by HDAC1 knockdown, we
compared the RNA-seq data from our previous experiments on JH induction of gene
expression in T. castaneum larvae and TcA cells (Roy et al., 2017) with our current RNAseq data. Ten genes, including Kr-h1, Rho GTPase-activating protein 100F (LOC660562),
lachesin (LOC659929), DNA damage regulated autophagy modulator protein 2 like, 4
hydroxyphenyl pyruvate dioxygenase, hemicentin-1, and calpain-7, were induced by JH
and showed increased expression levels in dsHDAC1- treated larvae (Table 2.6).
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HDAC1 knockdown affects the acetylation status of histones
To identify targets of HDAC1 deacetylation, proteins were extracted from dsRNAtreated insects/ TcA cells and subjected to western blot hybridization using an antibody
that recognizes acetylated lysine. In both TcA cells and larvae, an increase in acetylation
of all three histones (H2, H3, and H4) was detected after HDAC1 dsRNA treatment when
compared to those treated with control dsmalE (Fig. 2.6 A, B). These antibodies recognize
a few other proteins, but the identity of these proteins is not known. To identify specific
lysine residues acetylated by HDAC1 in H3 protein, the western blots were probed with
acetyl-histone H3 antibody sampler kit #9927 (the antibodies in this kit recognize H3,
H3K9, H3K14, H3K18, H3K27, and H3K56, Cell Signaling Technology, Danvers, MA).
Among the various H3 specific lysine antibodies tested, the maximum differences were
observed in the acetylation status of H3K9, H3K18, and H3K27 in larval tissues treated
with dsHDAC1 when compared to those in control tissues treated with dsmalE (Fig. 2.6
A). Similar results were observed in TcA cells (Fig 2.6 B). These data suggest that H3K9,
H3K18, and H3K27 are likely targets of HDAC1.
To determine whether or not JH treatment increases acetylation of proteins, T.
castaneum larvae were treated with JH analog, hydroprene or solvent-cyclohexane, and
total proteins were extracted at 24 h after treatment. The proteins were analyzed by western
blots using antibodies targeting acetylated-lysine (Ac-K2 -100, Cell Signaling
Technology). As shown in Figure 2.7 A, B hydroprene treatment caused an increase in
acetylation of histones when compared to treatment with vehicle, cyclohexane. Similarly,
JH III treated TcA cells showed an increase in acetylation of histones. In addition, the
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acetylation levels of H3K9 and H3K27 increased in larvae treated with hydroprene (Fig.
2.7 B).

Discussion
Exposure of T. castaneum TcA cells to HDAC inhibitor, TSA-induced expression
of JH-response genes, Kr-h1, 4EBP, and G13402 in a dose- and time-dependent manner is
mimicking JH action in these cells (Xu et al., 2018). Both TSA and JH III increased
acetylation levels of core histones (Fig. 2.8). These data suggested that HDACs may
influence JH-regulated gene expression in this insect. Therefore, one of the primary
objectives of the studies reported here is to identify HDAC homologs in T. castaneum and
study their role in the growth and development of this insect. We identified 12 HDAC
genes in this insect and analyzed their function by the RNAi-mediated knockdown.
Knockdown of class III Sirtuins and class II HDACs did not cause significant mortality
(Table 2.1, Fig. 2.9 A, B, C).
Among the 12 genes tested, HDAC1 knockdown caused the most severe phenotype;
dsHDAC1 injected last instar larvae, pupae and adults stopped growth and development
and eventually died (Fig. 2.10).
These data agree with the reports from D. melanogaster, where HDAC1 was
implicated in the regulation of genes involved in the development and is essential for its
survival (Mottus, Sobel, & Grigliatti, 2000). In the same insect, Trichostatin A (TSA)
inhibition of the deacetylase enzymes caused the death of flies (Pile, Lee, & Wassarman,
2001). HDAC1 inactivation induced apoptosis in D. melanogaster epithelial cells (T.
Zhang, Sheng, & Du, 2016). The D. melanogaster HDAC1 interacts with the
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transcriptional co-repressor Groucho and influences the expression of genes involved in
embryo segmentation (G. Chen, Fernandez, Mische, & Courey, 1999; Mannervik &
Levine, 1999) and the Wnt signaling pathway in wing discs (Collins & Treisman, 2000).
The acetylation status of proteins, such as histones, affects the expression of genes involved
in many cellular processes (Rundlett et al., 1996). While acetylases mediate acetylation of
specific amino acids in target proteins, the deacetylases perform the opposite function and
remove acetyl groups from target proteins. Histone deacetylases ensure cell cycle
progression by repressing the expression of selective cell cycle inhibitors as well as
apoptosis inducers.
Based on the information on the function of HDACs reported previously, we
hypothesize that HDAC1 is required for the role of fundamental processes, including DNA
replication, cell cycle regulation, metabolism, and signal transduction necessary for postembryonic development in T. castaneum. To test this hypothesis, we sequenced RNA
isolated from larvae injected with dsHDAC1 or control dsmalE. Comparison of gene
expression between HDAC1 knockdown and control larvae identified 1720 genes that are
differentially regulated by 2-fold or more with a P-value less than 0.05. The majority of
differentially expressed genes (1664 out of 1720) are up-regulated in HDAC1 knockdown
larvae when compared to their expression in control larvae. These data are consistent with
the previous reports from D. melanogaster and other eukaryotes where HDAC1 in complex
with co-repressor, SIN3, is often associated with sites of transcription repression (Pile &
Wassarman, 2000). The HDAC1 suppressed genes identified by RNA seq include hormone
receptors, transcription factors, and other DNA-binding proteins likely involved in signal
transduction and cell cycle regulation as well as enzymes involved in metabolism (Tables
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2.4-2.7). Balst2GO and WEGO analysis identified GO terms including protein binding,
transcription regulation, response to the stimulus, signal transduction, and regulator of
transcription as enriched in HDAC1 knockdown samples when compared to their
occurrence in T. castaneum transcriptome. Similar GO terms are used to describe HDAC1
function in the FlyBase (Thurmond et al., 2019), FlyBase release (FB2020_01), suggesting
that the purpose of HDAC1 is conserved between D. melanogaster and T. castaneum.
Specific temporal expression patterns and distinct roles of HDACs were identified in
Drosophila (Cho, Griswold, Campbell, & Min, 2005). These data also suggest that HDAC1
is involved regulation of multiple genes that contribute to basic processes including cell
cycle regulation, metabolism, and signal transduction, making this an essential gene in the
post-embryonic development of T. castaneum.
Developmental expression studies of the HDAC1 gene during larval and pupal
stages showed that the HDAC1 mRNA levels are lower during the penultimate and early
last instar larval stages and then increased to reach the maximum levels during the pupal
stags. The expression of the HDAC1 gene is lower when the JH titers are higher, and the
HDAC1 mRNA levels are higher when the JH titers are lower at the end of the last instar
larval stage and during the pupal stage. This led to the hypothesis that JH may be
suppressing the expression of the HDAC1 gene. Experiments in both T. castaneum larvae
and TcA cells line derived from this insect showed that JH analog, hydroprene suppresses
the expression of HDAC1 in larvae, and JH III suppresses the expression of HDAC1 in
TcA cells. Because of the presence of JH esterase, which metabolizes JH III to inactive JH
acid, we used JH analog, hydroprene for in vivo experiments. Taken together, the
experiments in larvae and cell lines showed that JH suppresses the expression of HDAC1.
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In both TcA cells and T. castaneum larvae, HDAC1 knockdown increased
acetylation of all three histones (H2, H3, and H4). Specifically, H3K9, H3K18, and H3K27
appear to be targets of HDAC1. Previous studies showed that Rpd3 is involved in the
deacetylation of H3K9 and H3K18 (Tie et al., 2009; B. Zhang et al., 2013). HDAC1 was
shown to target all core histones with varying efficiency (Johnson, White, Lavender,
O'Neill, & Turner, 2002), whereas, HDAC11 targets H3K9 and H3K14 (Hu et al., 2000).
Changes in acetylation of H3K9 detected in HDAC1 knockdown larvae, and TcA cells are
similar to the HDAC1 targets reported in other animals.
Interestingly, treatment of T. castaneum larvae with hydroprene or TcA cells with
JH III increased acetylation levels of all three histones. Specifically, the acetylation levels
of H3K9 and H3K27 increased in larvae treated with hydroprene, and the acetylation levels
of H3K9, H3K18, and H3K27 increased in TcA cells treated with JH III. These data suggest
that JH suppresses the expression of the HDAC1, resulting in elevated acetylation of core
histones. Since acetylated histones are generally associated with activation of gene
expression, it is likely that JH suppresses HDAC1 expression and promotes acetylation of
histones to ensure the expression of larval genes before metamorphosis. After a
commitment to undergo metamorphosis, the JH titers decrease, allowing an increase in the
expression of HDAC1, resulting in the deacetylation of histones and repression of larval
genes. This may be yet another way JH prevents metamorphosis in insects. Further studies
are required to test these hypotheses.
The evolutionarily conserved transcription factor protein Yin Yang 1 (YY1),
belonging to the GL1-Kruppel class of zinc finger proteins, is required for the normal
development of mammalian embryos (Yao, Yang, & Seto, 2001). YY1 is a sequence29

specific DNA-binding transcription factor regulated through acetylation by p300 and
PCAF and deacetylation by HDACs. YY1 is acetylated in two regions: the central glycinelysine-rich domain and the C-terminal DNA-binding zinc finger domain (Yao et al., 2001).
It is suggested that the selective binding of either HAT or HDAC determines whether YY1
will mediate the activation or repression of transcription of a given gene (Cress & Seto,
2000; W. M. Yang, Yao, Sun, Davie, & Seto, 1997; Zupkovitz et al., 2006). Cardiogenic
gene activation and elevated p53 expression levels were observed in HDAC1 depleted
cardiac mesenchymal stromal cells (CMC). The transcription factors such as Mad/Max,
E2F, YY1 and members of the steroid/thyroid receptor superfamily were shown to interact
with histone acetylases or deacetylases leading to their activation or repression (Brehm et
al., 1998; Heinzel et al., 1997; Saunders, Dicker, Popa, Jones, & Dahler, 1999). Thus,
HDAC1 could influence gene expression through modulation of the acetylation status of
proteins, including histones, as well as interacting with receptors and transcription factors.
Kruppel-like factor KLF5 (zinc-finger-containing transcription factors) is regulated
positively by the acetylase p300 and negatively by deacetylase, HDAC1 through direct
interaction (Mas et al., 2011). The activity of KLF5 is regulated by multiple signaling
pathways, including Hippo, Notch, retinoic acid receptor, and other hormone receptors (Y.
Gao, Ding, Chen, Chen, & Zhou, 2015). HDAC1 can inhibit interaction with acetylase
(p300) on the transcription factor and negatively affects transcription at multiple stages
through the DNA-binding domain (Matsumura et al., 2005). Furthermore, DNA-binding
YY1 interacts with non-DNA binding Yeast and mammalian RPD3 and provides
repression function and repression of transcription by YY1 may play an important role in
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cell growth and differentiation (Bartl et al., 1997; Lu et al., 2011; W. M. Yang, Inouye,
Zeng, Bearss, & Seto, 1996; X. J. Yang, Ogryzko, Nishikawa, Howard, & Nakatani, 1996).
The D. melanogaster Polycomb group gene pleiohomeotic encodes a DNA-binding
protein with homology to the transcription factor YY1 (Brown, Fritsch, Mueller, & Kassis,
2003; Brown, Mucci, Whiteley, Dirksen, & Kassis, 1998). D. melanogaster HDAC1
interacts cooperatively with Polycomb group repressors in silencing the homeotic genes
that are essential for axial patterning of body segments (Chang et al., 2001). We identified
12 genes with similar domains as in YY1, which includes Kr-h1 and Pho (Table 2.7).
Among these genes, Kr-h1 is an excellent candidate to be involved in the activation and
repression of transcription in cooperation with receptors, activators, repressors, HATs, and
HDACs. Indeed Kr-h1 repression and activation of transcription of multiple genes in adults
of Ae. aegypti mosquitoes have been reported recently (Ojani, Fu, Ahmed, Liu, & Zhu,
2018b). JH directs Kr-h1 repression of transcription of BR-C, E93, and steroidogenic
enzymes to prevent premature metamorphosis during immature stages (Belles & Santos,
2014; Gujar & Palli, 2016; Kayukawa et al., 2016; Ojani et al., 2018a; Urena et al., 2016;
Urena et al., 2014; Tianlei Zhang et al., 2018). The knockdown of CBP results in a decrease
in expression of Kr-h1 (Fernandez-Nicolas & Belles, 2016; Roy et al., 2017; Xu et al.,
2018). Trichostatin A induces Kr-h1 gene expression in TcA cells (Xu et al., 2018). The
data included in this paper showed that knockdown of HDAC1 results in an increase in Krh1 gene expression in T. castaneum larvae. Taken together, these data point to Kr-h1 as a
central player in the regulation of gene activation and repression cascades required for the
post-embryonic development of insects. We propose that the two major hormones,
ecdysteroids, and JH acting through receptors, activators, repressors, transcription factors,
31

HATs, and HDACs, regulate expression of Kr-h1 gene. The Kr-h1 transcription factor as
a member of multiprotein complexes including activators, repressors, HATs, and HDACs
function to activate or repress transcription of target genes similar to YY1 in vertebrates.
Further research is required to test these hypotheses.
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Table 2.1 Classes and summary of RNAi effect of 12 HDACs in T. castaneum
Classes

Enzyme

Locus tag

First Trial

Second Trial

Larval
Pupal
Larval
Pupal
Mortality% Mortality% Mortality% Mortality%
I

HDAC1

TC002540

100

-

100

-

HDAC3

TC006104

33

67

27

73

HDAC8

TC032799

33

19

20

13

II A

HDAC4/7

TC014342

12

4

20

0

II B

HDAC6

TC014236

48

35

33

40

III

Sirt 1

TC002584

13

0

27

7

Sirt 2

TC009705

32

0

40

7

Sirt 4

TC033432

30

0

18

0

Sirt 5

TC005187

0

0

20

13

Sirt 6

TC001003

0

8

20

7

Sirt 7

TC002298

30

10

33

20

IV

HDAC11

TC007473

100

-

90

-

-

-

malE

18

0

20

0
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Table 2.2 List of dsRNA and qRT-PCR primers used in HDACs study
Gene
Primer
TcdsHDAC1F

TAATACGACTCACTATAGGGCGAGTACTTTGGTCCCGATTT

TcdsHDAC1R

TAATACGACTCACTATAGGGTTTCTGGCACGATCCTCTTATC

TcdsHDAC3F

TAATACGACTCACTATAGGGTGCAGATTTACCGGCCTTAC

TcdsHDAC3R

TAATACGACTCACTATAGGGATGACCCGATCAGTGAGATAGA

TcdsHDAC8F

TAATACGACTCACTATAGGGAAGAGGACGATCCGTTTAAT

TcdsHDAC8R

TAATACGACTCACTATAGGGCGTCATCCTCGTAATCCTCATC

TcdsHDAC4F

TAATACGACTCACTATAGGGAACAGCATCCGAGCCTAATC

TcdsHDAC4R

TAATACGACTCACTATAGGGTGGGCGGCTAAAGAAATA

TcdsHDAC6F

TAATACGACTCACTATAGGGAGCAGGAGGCTAGTTCTTATG

TcdsHDAC6R

TAATACGACTCACTATAGGGCAGCTATTGCCACGTTATTG

TcdsHDAC11F

TAATACGACTCACTATAGGGATTGTTGCGGTAGCAAAGGTGGTG

TcdsHDAC11R

TAATACGACTCACTATAGGGTCGTCTTCGGTAAAGTGTGCCAGT

TcdsSirt1F

TAATACGACTCACTATAGGGCCTCCACAGTTAG CGAAAT A

TcdsSirt1R

TAATACGACTCACTATAGGGCTATCGCCAGTCGAACGTAAA

TcdsSirt2F

TAATACGACTCACTATAGGGAACCTGCCTCATCCTCAGGCAATA

TcdsSirt2R

TAATACGACTCACTATAGGGCCTACACGCTAAACAATGTCCCGT

TcdsSirt4F

TAATACGACTCACTATAGGGCGGAGAAAGTCAGGCAAAGA

TcdsSirt4R

TAATACGACTCACTATAGGGCGTTATCGCCAAAGAACGTAATG

TcdsSirt5F

TAATACGACTCACTATAGGGACCAAGACCTGCCTATAATC

TcdsSirt5R

TAATACGACTCACTATAGGGCGTCATCAAACGCATCTTC

TcdsSirt6F

TAATACGACTCACTATAGGGCACTCCAGTGTGGCAGATTTA

TcdsSirt6R

TAATACGACTCACTATAGGGCATACAGCGCCTTGACTTCT

TcdsSirt7F

TAATACGACTCACTATAGGGAACGAGCCTTTGGTCGATAC

TcdsSirt7R

TAATACGACTCACTATAGGGTTCATTACGGCCTCCATCAC

TcqHDAC1F

CCGCATAAGGATGACCCATAAT

TcqHDAC1R

TTCTTCGGCAGTGGCTTTA
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Table 2.2 (continued)
TcqHDAC3F

GAGACGCAATCCCTGAAG

TcqHDAC3R

TTTCGCCTCGACCATCTTA

TcqHDAC8F

GTTACCGACGAT

TcqHDAC8R

CCACAACCTGGCCGT

TcqHDAC4F

ATGGCCGAGAGAACGTATTG

TcqHDAC4R

CGGATCGACGGGTATTGA

TcqHDAC6F

CAGGCAGCTATCCTGGAATAT

TcqHDAC6R

GAGGTCGGAGGAGGCACAAATATA

TcqHDAC11F

CACACTTTACCGAAGACGACGAGT

TcqHDAC11R

AGTTCATCCCGTTCGATGATTCCC

TcqSirt1F

TGATCAATCGGGAGCCTTTAC

TcqSirt1R

CCAAACACCGCCAAACAAA

TcqSirt2F

ACGGGACATTGTTTAGCGTGTAGG

TcqSirt2R

CCTTGCAGTCCTTGCTCTCACATT

TcqSirt4F

TGGACAGGAAGCCCAAATAC

TcqSirt4R

CCTTCCGTCTCCCTTTCTTTC

TcqSirt5F

ACGCCAGTTCCACGTAATC

TcqSirt5R

AGACTCCCGTGCAGTTCTA

TcqSirt6F

TTGCGACAGCCAGTTTGT

TcqSirt6R

GTGTTCCCAGTCAAGGATTGT

TcqSirt7F

GTTCACGAAACTTCAGCATTACC

TcqSirt7R

GGCGAAGTGATTGTAACTGAGA
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Table 2.3 Summary statistics of RNA-sequencing output of dsHDAC1
A. Run Summary
Lane
PF* Yield (bp)
Number of PF* Q30%
Average Quality
Clusters**
Score
7

15,963,128,520

313,002,520

95.64

39.04

* PF: Passed Filter. ** For single-read sequencing (SR), number of reads = number
of clusters.
B. Read count statistics
Samples

Read Count

% of reads mapped

MalE-1

12,545,282

80.56

MalE-2

16,562,495

82.45

HDAC1-1

26,000,824

78.42

HDAC1-2

10,418,046

83.23
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Table 2.4 Expression changes of selected genes involved in hormone action/response
identified after RNA-seq analysis of dsHDAC1
Gene symbol Gene description
Fold
Pa
Change valueb
Kr-h1

Krüppel homolog 1

2.668

0.023

LOC655028

ecdysone-induced protein 74EF

2.139

0.001

Ecr

ecdysone receptor

2.016

0.000

Tcjheh-r3

juvenile hormone epoxide hydrolase-like protein 3

2.259

0.000

TcMet

methoprene-tolerant

2.110

0.013

BR-C

broad-complex

2.640

0.001

Fru

Fruitless

2.080

0.000

LOC659239

Krueppel homolog 2

3.693

0.002

TcSRC

nuclear receptor coactivator 1

2.145

0.000

LOC658867

broad-complex core protein isoforms 1/2/3/4/5

2.666

0.000

LOC660434

broad-complex core protein isoform 6-like

3.077

0.000

LOC658929

nuclear hormone receptor FTZ-F1

2.134

0.002

LOC664565

CREB-binding protein

7.636

0.000

LOC658947

nuclear hormone receptor FTZ-F1 beta

2.666

0.000

a

Experiment - Fold Change (normalized values)

b

Baggerley's test: normalized values
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Table 2.5 The list of selected differentially expressed genes identified by RNA-seq
and verified by qRT-PCR.
Aliases
Description
Domain
TC000110 transcription termination factor 2

HELICc, DEXDc, SNF2_N

TC001775 nuclear factor 1 C-type

MH1 super family,
NfI_DNAbd_pre-N

TC001921 lethal (3) malignant brain tumor-like
protein 4

MBT, SAM_Scm-like-3MBT3,4,
zf-C2HC, SAM

TC003720 pangolin

SOX-TCF_HMG-box,
CTNNB1_binding super family

TC003972 apterous a

Homeobox, LIM2_Lhx2_Lhx9,
COG5576

TC004015 uncharacterized LOC655848

MBF2

TC006021 nuclear receptor co-repressor 1

SANT super family

TC006040 homeobox protein PKNOX2

Homeobox_KN,
Meis_PKNOX_N

TC008129 N-alpha-acetyltransferase 30

Acetyltransf_1, RimI

TC011468 mortality factor 4-like protein 1

MRG, Tudor-knot

TC012866 FACT complex subunit Ssrp1

HMG_box, PH2_SSRP1-like

TC014548 uncharacterized LOC100141687

zf-RING_2

TC014708 uncharacterized LOC663601 (rel)

RHD_dimer, RHD-n super family

TC015048 zinc finger protein 184

COG5048, zf-H2C2_2

TC015577 pleiohomeotic

zf-C2H2, COG5048

TC015843 uncharacterized LOC659528

JHBP

TC016270 kelch-like ECH-associated protein 1

BACK, BTB, Kelch, PHA03098

TC031140 insulin-like growth factor 2 mRNAbinding protein 1

KH-I

TC034026 broad-complex core protein isoform
6-like

BTB

TC012990 Kruppel-homolog 1

zf-H2C2_2, COG5048
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Table 2.6 Significantly up-regulated genes involved in JH action/response in HDAC1
knockdown larvae.
JH
dsHDAC1
Gene symbol

Gene description

Fold
PFold
a
b
change value changea

Pvalueb

LOC655623

hemicentin-1

70.690

0.030

2.278

0.033

LOC656034

calpain-7

37.680

0.020

2.822

0.007

LOC658393

inhibitor of nuclear factor
kappa-B kinase subunit beta

2.010

0.020

2.331

0.011

Kr-h1

Krüppel-homolog 1

29.910

0.000

2.668

0.023

LOC659929

lachesin

120.500

0.010

4.181

0.006

LOC660562

rho GTPase-activating
protein 100F

115.450

0.020

27.449

0.001

LOC662658

4-hydroxyphenylpyruvate
dioxygenase

3.460

0.000

2.584

0.028

191.760

0.003

3.508

0.033

LOC103314138 voltage-dependent T-type
calcium channel subunit
alpha-1G

6.850

0.020

2.153

0.000

LOC107398485 sodium-independent sulfate
anion transporter-like

4.280

0.030

3.792

0.001

LOC100142569 DNA damage-regulated
autophagy modulator
protein 2-like

a

Experiment - Fold Change (normalized values)

b

Baggerley's test: normalized values
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Table 2.7 Zn-finger-COG5048 domains identified among genes regulated by HDAC1
Fold
Gene Symbol
Locus tag
Gene description
changea
P-valueb
LOC655555

TC010919 zinc finger protein 37

2.925

0.027

LOC656654

TC004670 transcription factor Sp3

4.174

0.000

LOC658361

TC015256 Cdc2 kinase-like protein

2.667

0.003

Kr-h1

TC012990 Krüppel homolog 1

2.668

0.023

Pho

TC015577 pleiohomeotic

2.358

0.001

LOC662411

TC015048 zinc finger protein 184

2.813

0.048

LOC662742

TC009849 zinc finger protein 260

4.763

0.014

PR domain zinc finger
LOC100142211 TC006419 protein 16

2.042

0.025

LOC103312309 TC003418 zinc finger protein 239

6.314

0.000

2.219

0.020

LOC103313193 TC002118 Krueppel-like factor 6

2.297

0.018

LOC103314758 TC033495 zinc finger protein ZFP69

3.199

0.003

LOC103313118

a

gastrula zinc finger
protein XlCGF57.1

Experiment - Fold Change (normalized values)

b

Baggerley's test: normalized values
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A

B

C

Figure 2.1 Phenotypes and mortality caused by knockdown of HDAC1 in T.
castaneum.
A) dsRNA targeting 12 HDAC genes were injected into newly molted last instar larvae.
Mortality and development defects were recorded every day until death or adult eclosion.
Control insects were injected with dsRNA targeting gene encoding for maltose-binding
protein from Escherichia coli (malE). Data are mean ± SE percent mortality; n = 30. In all
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panels, * indicates treatments that are significantly different from control, P £ 0.05 by ttest. B) dsHDAC1 was injected into newly molted last instar larvae or newly molted pupae.
Phenotypes were photographed on the eighth day after injection. (Top) Normal newly
molted last instar larva (a; untanned cuticle, white), quiescent stage nonfeeding larva (b;
96 h after the last molt), pupa (c), and adult (d). dsHDAC1-injected larva stuck in the
quiescent stage (e and f), larval-pupal intermediate phenotypes caused by dsHDAC1
injection into 3-d-old last instar larvae (g), and pupal-adult intermediate phenotypes caused
by dsHDAC1 injection during pupal stage (h) are shown. (C) 100% pupal and 90% adult
mortality were observed after injection of dsHDAC1 into day 0 pupae and adults. Data are
mean ± SE percent mortality; n = 30.
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A

B

C

Figure 2.2 Developmental expression profile and JH induction of HDAC1 in T.
castaneum larvae and TcA cells.
A) Developmental expression of HDAC1. Total RNA was extracted from pools of two
larvae/pupae collected at 24 h intervals during penultimate, final instar larval, and pupal
stages. Relative HDAC1 mRNA levels were quantified by RT-qPCR using RP49 mRNA
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levels for normalization. Means ± SE (n=4) are shown. Means with the same letter are not
significantly different from each other. B) JH III and its analog hydroprene suppress the
expression of HDAC1 in T. castaneum larvae (Top) and TcA cells and (bottom),
respectively. 0.5 µL of 2 µg/µL hydroprene in cyclohexane or cyclohexane alone was
applied topically to 48 h-old final instar larvae. At 6 h after treatment, total RNA was
isolated. TcA cells were exposed to 10 µm of JH III in DMSO or DMSO alone for 6 h, and
the total RNA was isolated. The RNA was used to determine HDAC1 and Kr-h1 mRNA
levels. Data are means ± SE; n = 4. * indicates treatments significantly different from
control; P ≤ 0.05, t-test. C) Met is required for suppression of HDAC1 by hydroprene. Day
0 last instar larvae were injected with dsMet or dsmalE. At 48 h after injection of dsRNA,
hydroprene was applied topically. Total RNA isolated was used to quantify Kr-h1,
HDAC1, and met mRNA levels. C, cyclohexane, and H, hydroprene. Means with the same
letter are not significantly different from each other.
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A

1 µg
dsHDAC1
100% died
at
Q-stage

0.5 µg
dsHDAC1
100% died at
Q-stage

0.25 µg dsHDAC165% intermediate
phenotype,
17.5 % normal adult,
and 17.5% pupa

B

Figure 2.3 Evaluation of various doses and knockdown efficiency of HDAC1.
A) 0.5, 0.25, and 0.125 µg/larva dsHDAC1 or dsmalE were injected into newly molted last
instar larvae. At 12 h after injection, larvae were collected, total RNA was isolated, and
used to quantify HDAC1 mRNA levels. Mean+SE (n=3). B) Phenotypes detected in larvae
injected with 1, 0.5, 0.25 µg dsHDAC1/larva were photographed on the 15th day after
injection.
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A

D

B

C

Figure 2.4 HDAC1 knockdown in the last instar larvae of T. castaneum affects
transcription of many genes involved in multiple pathways.
A) Heatmap of RNA-seq data. The heatmap of normalized mean expression values of 1720
genes differentially expressed (>2-fold and a P-value ≤0.05) between dsmalE and
dsHDAC1 treated insects. B) Volcano plot showing differentially expressed genes between
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larvae injected with dsHDAC1 or with dsmalE. The red dots show differentially expressed
genes (≥2-fold difference and P ≤ 0.05). C) WEGO plot showing enriched gene groups in
HDAC1 knockdown larvae. The WEGO histogram showing the number and percent of
genes that are significantly enriched in cellular and molecular components and biological
function ontology classification groups for the T. castaneum transcriptome and upregulated genes in HDAC1 knockdown larvae The Blast2GO pro-plugin software was used
for functional annotation of the transcripts. D) Comparison of the differential expression
pattern of selected genes obtained by RNA-seq and RT-qPCR methods. The expression of
20 genes selected from the up-regulated group (based on RNA-seq data) was verified by
RT-qPCR. Gene names are listed in Table 2.5.
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Figure 2.5 RT-qPCR validation of RNA-seq data of dsHDAC1.
Twenty genes were selected (Gene description in Table 2.5) after RNA-seq analysis and
validated their expression by RT-qPCR. Means ± SE (n=4) are shown. * indicates
treatments that are significantly different from control, P ≤ 0.05 by t-test.
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Figure 2.6 HDAC1 knockdown affects acetylation levels of core histones in T.
castaneum larvae and TcA cells.
A) Knockdown of HDAC1 increases acetylation levels of core histones in T. castaneum
larvae. B) Exposure of TcA cells to dsHDAC1 increased acetylation levels of core histones.
Total protein extracted at 24 h after dsHDAC1 injection into larvae, or 72 h after dsHDAC1
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exposed TcA cells were separated by SDS-PAGE (12%) gels. The proteins were
transferred to the membrane and probed with antibodies that recognize acetylated lysines
or specific targets (H3K9, H3K18, and H3K27).
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Figure 2.7 Hydroprene and JH III increase the acetylation levels of histones in T.
castaneum larvae and TcA cells.
Fifty µg total proteins extracted 24 h after treatment of larvae with hydroprene (H) or
cyclohexane (C) and TcA cells with JH III were separated by SDS-PAGE (12%) gels and
processed for Western blot hybridization.
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Figure 2.8 JH III and Class I HDAC inhibitor TSA induces acetylation of core
histones in TcA cells.

JH III induces acetylation similar to HDAC inhibitor TSA in TcA cells. 50 µg total proteins
extracted 24 h after treatments from cells were separated by 12% SDS-PAGE gels,
transferred to the membranes, and probed with Actin, H3, and total acetyl-lysine
antibodies.
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Figure 2.9 A) Developmental expression of Sirtuins in the last instar larvae of T.
castaneum. B) Expression profile of HDAC4, HDAC6, and HDAC8 during the last
instar larvae. C) Phenotypes observed after the injection of dsRNA targeting HDAC6,
HDAC8, compared to the control larvae injected with dsmalE
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A

B

Figure 2.10 The phenotypes of dsHDAC1 injected last instar larvae.
Phenotypes observed in insects injected with dsHDAC1 into day 0 last instar larvae (A) or
72 h-old last instar larvae (B). Compound eyes (dark eyespots) and dorsal split were
observed. Sclerotized spots on legs and antennae were also observed.
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CHAPTER 3. HISTONE DEACETYLASE 3 IS REQUIRED FOR DEVELOPMENT AND
METAMORPHOSIS IN THE RED FLOUR BEETLE, TRIBOLIUM CASTANEUM (HERBST)
This chapter was submitted to BMC genomics with the following authors: Smitha George
and Subba Reddy Palli.

Summary
Hormones are the chemical communication signaling molecules released into the
body fluids to stimulate target cells of multicellular organisms. Previous studies showed
that histone deacetylase 1 (HDAC1) plays an important role in juvenile hormone (JH)
suppression of metamorphosis in the red flour beetle, Tribolium castaneum. Here, we
investigated the function of another class I HDAC member, HDAC3, and show that it is
required for the normal development of T. castaneum. RNA interference-mediated
knockdown of the HDAC3 gene affected development resulting in abnormally folded
wings in pupae and adults. JH analog, hydroprene suppressed the expression of HDAC3 in
T. castaneum larvae. The knockdown of HDAC3 during the final instar larval stage resulted
in an increase in the expression of genes coding for proteins involved in JH action.
Sequencing of RNA isolated from larvae injected with dsRNA targeting malE (E. coli gene,
control) or HDAC3, followed by differential gene expression analysis, identified 741
differentially expressed genes. Several genes, including those coding for myosin-I heavy
chain (Myosin 22), Shaven, and nuclear receptor co-repressor 1 were identified as
differentially expressed genes in HDAC3 knockdown larvae. An increase in histone H3
acetylation, specifically H3K9 and H3K27, was detected in HDAC3 knockdown insects.
Overall, these data suggest that HDAC3 affects the acetylation levels of histones and

influences the expression of genes coding for proteins involved in the regulation of growth,
development, and metamorphosis.
Keywords: HDAC3, juvenile hormone, acetylation, histone H3
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Introduction
Lysine acetylation is one of the major epigenetic modifications of proteins, which
contributes to chromatin remodeling and expression of genes that regulate important
biological processes (Kouzarides, 2007). In eukaryotes, the levels of acetylation of histones
and other proteins are regulated by lysine acetyltransferases (KATs or Histone
acetyltransferases HATs) and lysine deacetylases (KDACs or histone deacetylases
HDACs), which catalyze the addition and removal of acetyl groups, respectively
(Marmorstein & Zhou, 2014; Seto & Yoshida, 2014). Lysine acetylation targets large
macromolecular complexes responsible for various nuclear and cytoplasmic cellular
processes: such as splicing, cell cycle, chromatin remodeling, DNA replication, etc.
(Choudhary et al., 2009). HDAC enzymes depend on zinc ion for their catalytic activity,
and human HDACs were grouped into four classes (de Ruijter et al., 2003; Haberland,
Montgomery, & Olson, 2009). Class I HDACs are located in the nucleus, expressed
universally, and play essential roles in cell proliferation, whereas class II and IV HDACs
have a tissue-specific role (Lagger et al., 2002; Marks, 2010).
Recent studies using HDAC inhibitors have suggested multiple roles for HDACs
in cell proliferation, cell cycle arrest, and apoptosis (Delcuve, Khan, & Davie, 2012). The
knockdown of HDAC3 induced changes in gene expression, DNA damage, and caused cell
cycle delay in mouse embryonic fibroblasts (Bhaskara et al., 2008). In Drosophila
melanogaster, six HDACs (Rpd3, HDAC3, HDAC4, HDAC6-S, HDAC6-L, and Sir2)
were characterized by studying temporal expression patterns and transcriptional profiling
and the effect of HDAC inhibitors (Cho et al., 2005). The D. melanogaster HDAC3 was
cloned in 1998 and described as a metal-substituted enzyme (Johnson, Barlow, & Turner,
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1998). RNA interference (RNAi)-mediated silencing of HDAC1 or HDAC3 in Drosophila
S2 cells resulted in cell growth inhibition and deregulation of genes such as sox14,
ecdysone-induced eip74ef, and nvy (Foglietti et al., 2006). Chemical genomics studies
revealed that HDAC1/2 and 3 are essential for core regulatory transcription and cell
proliferation in cancer models (Gryder et al., 2019). Deacetylation by HDAC3 plays a vital
role in the suppression of apoptosis in D. melanogaster imaginal tissue (Zhu et al., 2008).
Acetylation of specific lysine residues of histones contributes to the dynamic regulation of
ecdysone induced genes in D. melanogaster (Bodai et al., 2012b). However, the role of
acetylation in the regulation of juvenile hormone (JH) action in insects is not well studied.
Juvenile hormones secreted by the corpora allata have multiple functions in insect’s
life cycle and regulate diverse biological processes, including larval development, molting,
metabolism, polyphenism, diapause, reproduction, and metamorphosis (Chippendale &
Yin, 1975; D.L. Denlinger, 2012; W. G. Goodman, and Cusson, M, 2012; Jindra et al.,
2013; Riddiford, 2012). The JH signals are transduced through JH receptor, Methoprenetolerant (Met) (Ashok et al., 1998; Charles et al., 2011a), Steroid receptor co-activator
(SRC) (Z. L. Zhang et al., 2011), and CREB-binding protein (CBP) (Fernandez-Nicolas &
Belles, 2016; Roy et al., 2017; Xu et al., 2018) (binding partners). JH represses the
expression of genes involved in metamorphosis. Kr-h1 is an early JH response gene
downstream of Met, and RNAi mediated knockdown of Met or Kr-h1 induces a precocious
larval-pupal transition in the red flour beetle (Minakuchi et al., 2009). JH/Met-dependent
Kr-h1 activity mediates the larval development. Lower JH titers result in lower levels of
Kr-h1 expression in the last instar larvae allowing expression of pupal specifier, Broad
complex and adult specifier, E93, and metamorphosis (Jindra, Belles, & Shinoda, 2015).
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Recent research from our lab showed that the class I and II HDAC inhibitor
Trichostatin A (TSA), mimics JH in the induction of JH response genes (Xu et al., 2018),
suggesting a role for HDACs in JH action. We also demonstrated that HDAC1 influences
JH action by regulating acetylation levels of histones, which promotes the expression of
JH response genes (George, Gaddelapati, & Palli, 2019). In the present study, we focused
on another member of the class I HDAC family, HDAC3 (TC006104). Knockdown of the
HDAC3 gene during the final instar larval stage of the red flour beetle, Tribolium
castaneum resulted in a pupa that showed abnormally folded wings and eventually died.
RNA-seq analysis identified several genes including, Myo22, paired box protein Pax-5
(Shaven), and PDGF- and VEGF- related factor 3 (Pvf3), whose expression is influenced
by HDAC3.

Materials and methods
Insect rearing and cell culture
T. castaneum GA-1 strain (Haliscak & Beeman, 1983) beetles were reared on
organic wheat flour (Heartland Mill, Marienthal, KS) containing 10% dried baker yeast
(MP biomedicals, Solon, OH) at 30°C and 65±5% relative humidity. The T. castaneum
cells (BCIRL-TcA-CLG1, TcA) were grown in EX-CELL 420 (Sigma-Aldrich, St-Louis,
MO) medium supplemented with 10% Fetal Bovine Serum (FBS, VWR-Seradigm,
Radnor, PA) at 28°C (C. L. Goodman et al., 2012).
Hormone treatments
Insect growth regulator/JH analog, S-Hydroprene (Sigma-Aldrich, MO), was used
to test the response of the HDAC3 gene to JH. Cyclohexane was used as a solvent control
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where hydroprene was dissolved to obtain the concentration of 2 µg/µl, and 1 µg (0.5
µl/larvae) hydroprene was topically applied to 48 h-old final instar larvae for in vivo
hormone treatments. Six hours after treatment, the samples were collected and analyzed by
RT-qPCR. The relative mRNA levels of HDAC3 and Kr-h1 were determined.
RNA isolation, cDNA synthesis, quantitative reverse transcription PCR (RT-qPCR),
Double-stranded RNA synthesis (dsRNA) and microinjection, RNAsequencing (RNA-seq), data analysis, and annotations
Detailed descriptions were available from our previous publication (George et al.,
2019). RT-qPCR was performed using gene-specific primers (Table 3.1) and iTaq
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA) in Applied Biosystems
StepOnePlus Real-time PCR instrument. The libraries for RNA sequencing were prepared,
as described previously (Roy et al., 2017). The pooled libraries were sequenced using the
Illumina Hiseq 4000 sequencer at Duke University Sequencing and Genomic Technologies
(NC, USA). The raw reads were demultiplexed, trimmed, and transcripts were mapped
back to the T. castaneum reference genome (assembly Tcas5.2) using the CLC genomic
workbench pipeline (Version 11.0.1).
Protein extraction and western blotting
The larvae were cleaned with ice-cold PBS and lysed in RIPA lysis buffer
(Radioimmunoprecipitation assay buffer- 0.5M Tris-HCl, pH 7.4, 1.5M NaCl, 2.5%
deoxycholic acid, 10% NP-40, 10mM EDTA- Millipore Sigma, MA, USA) containing Halt
protease inhibitor cocktail (ThermoFisher, Rockford, IL, USA). The lysate was clarified in
a microfuge at 8000 rpm for 5 min. The proteins in the supernatant were precipitated by
adding in order 1:8:1 ratio of lysate: ice-cold acetone: Trichloroacetic acid (TCA), and
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incubating at -20°C overnight. The solution was then centrifuged in a microfuge at 12000
rpm for 20 min. The pellet was washed in ice-cold acetone twice to remove the TCA traces,
air-dried, and dissolved in 10% SDS. The total amount of sample protein was quantified
using Bio-Rad protein assay concentrate and standard. Samples were denatured (95-100°C
for 5 min) in 5X SDS loading buffer to denature and stored at -20°C for future use. An
equal amount of proteins was loaded and resolved on 12% SDS-polyacrylamide gels, along
with the protein ladder. The proteins were transferred from the gel to the polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, Hercules, CA) and blocked with 5% nonfat dried
milk blocking buffer for one hour at room temperature. The membranes were washed and
incubated with diluted primary lysine-acetylated antibody-Histone H3 antibody sampler
kit #9927 (Cell Signaling Technology, Danvers, MA) overnight at 4°C with gentle shaking.
The membranes were washed three times in Tris-buffered saline with Tween 20 (TBST)
and incubated with diluted HRP-conjugated secondary antibody (#7074- Cell Signaling)
in blocking buffer at room temperature for one hour. The signals were developed with
Supersignal West Femto Maximum sensitivity Substrate (ThermoFisher, IL), following the
manufacturer’s protocol. The images were acquired in a darkroom using the
chemiluminescence technique. Western blot bands were quantified by Image-J software
and normalized with ß-Actin loading control protein.
Statistical analysis
JMP Pro 14.0 (SAS Institute Inc., Cary, NC) software was used for t-test,
comparing means, P-value £ 0.05.
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Results
HDAC3 plays a key role in development and metamorphosis
HDAC3 is a member of the Arginase/deacetylase superfamily and belongs to class
I and structurally and functionally related to HDAC1 and HDAC8 (Fig 3.1 A). The HDAC3
orthologs are present in insects, other arthropods, and vertebrates (Fig 3.1 B) (Gregoretti,
Lee, & Goodson, 2004). Approximately 1 µg of dsRNA was injected into the newly molted
last instar larvae, induced 30% larval mortality by eight days after injection. The remaining
larvae pupated but showed wing abnormalities, especially with wing folding, and could not
complete development to the adult stage (Fig. 3.2 Aa). Control larvae injected with dsmalE
(dsRNA targeting malE gene from Escherichia coli) developed into normal pupae (Fig. 3.2
Ab). Similarly, pupae with wing defects were observed when dsHDAC3 was injected into
72 h-old (day 3) last instar larvae (Fig. 3.2 Ac). Also, adults developed from pupae injected
with dsHDAC3 showed wing defects (Fig. 3.2 Ad). Whereas, dsmalE injected pupae
developed into normal adults (Fig. 3.2 Ae). About 40% of dsHDAC3 injected pupae, and
55% of dsHDAC3 injected adults died within five days after the injection of dsRNA (Fig.
3.2 B).
Expression of HDAC3 in larval and pupal stages
Developmental expression of HDAC3 during the penultimate and last instar larval
and pupal stages was determined using reverse transcription-quantitative PCR (RT-qPCR)
and HDAC3-specific primers (Table 3.1). The HDAC3 mRNA levels were low during the
penultimate and last instar larval and early pupal stages but increased at 24 h after pupal
ecdysis. (Fig. 3.3 A). Then the HDAC3 mRNA levels were decreased again, and lower
levels were maintained throughout the pupal stage. In general, the HDAC3 mRNA levels
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were higher during the pupal stage when compared to those during the penultimate and last
instar larval stages.
JH analog hydroprene suppresses the expression of HDAC3 in T. castaneum larvae
The HDAC3 mRNA levels were significantly lower in hydroprene treated larvae
when compared to those in control larvae treated with solvent, cyclohexane (Fig. 3.3 B).
As expected, the mRNA levels of JH response gene Kr-h1 increased in hydroprene treated
larvae when compared to those in control larvae treated with cyclohexane (Fig. 3.3 B). To
determine whether the JH receptor, Met, mediates JH suppression of HDAC3, we injected
dsMet into last instar larvae and treated them with hydroprene or cyclohexane. As
expected, the HDAC3 mRNA levels decreased in dsmalE (control) injected larvae treated
with hydroprene but not in dsMet injected larvae treated with hydroprene (Fig. 3.3 C).
Also, Kr-h1 mRNA levels increased in dsmalE (control) injected larvae treated with
hydroprene but not in dsMet injected larvae treated with hydroprene (Fig. 3.3 C). These
data suggested that Met is required for JH III suppression of HDAC3 gene expression.
Knockdown of HDAC3 induces expression of genes involved in JH action and
response in T. castaneum larvae and pupae
HDAC3 knockdown efficiency and its effect on the expression of the genes known
to be involved in JH action were tested using RT-qPCR. A significant knockdown of
HDAC3 (80 % of suppression) was detected in larvae collected at 12 h after dsHDAC3
injection (Fig. 3.4 A). The Kr-h1, 4EBP, SRC, and CBP mRNA levels increased
significantly in dsHDAC3 injected larvae when compared to those in dsmalE injected
larvae. The expression of Met was not affected by HDAC3 knockdown. We also tested
housekeeping genes, actin, and heat shock protein (HSP90) to determine whether this effect
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is universal. Actin and HSP90 mRNA levels were not affected by HDAC3 knockdown
(Fig. 3.4 A). A similar pattern of HDAC3 knockdown and an increase in the expression of
Kr-h1, 4EBP, and SRC were detected in 24 h-old pupae developed from dsHDAC3 injected
larvae (Fig. 3.4 B). The CBP mRNA levels did not increase in pupae developed from
dsHDAC3 injected larvae. Also, the mRNA levels of the JH-response gene, G13402 did
not increase in dsHDAC3 injected larvae (Fig. 3.4 A) but increased in pupal samples (Fig.
3.4 B).
To identify other target genes whose expression is affected by HDAC3 knockdown,
we sequenced the RNA isolated from dsHDAC3 and dsmalE injected larvae. Run summary
and read count statistics of sequencing output are shown in Table 3.2. The overall pattern
of normalized mean expression values of differentially expressed genes (DEGs) is
represented as a heatmap (Fig. 3.5 A). The DEGs are shown as a volcano plot with red dots
indicating statistically significant genes after the EDGE test between treatment and control
(Fig. 3.5 B). After statistical analysis using Baggerley’s test with a cutoff of ≥ 2 fold and
P-value ≤ 0.05 to compare gene expression between dsHDAC3 and dsmalE treated insects,
we identified 741 DEGs (Additional file 2-RNA-seq data dsHDAC3), 563 genes were upregulated, and the rest of them were down-regulated. Hormone response genes, Kr-h1,
Ecdysone induced protein 78C, and broad complex were up-regulated in HDAC3
knockdown larvae (Table 3.3). Web-based GO analysis of differently expressed genes
showed enrichment of GO terms for binding, especially nucleic acid and ion binding,
regulation of the cellular process, biological regulation, and transport (Fig. 3.5 C).
Twenty genes (Table 3.4) that are up-regulated in both HDAC3 and HDAC1
knockdown larvae (George et al., 2019) were selected for verification of RNA-seq data
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DEG predictions by RT-qPCR. The genes were selected based on the presence of a DNAbinding domain with possible functions as transcription factors, and RT-qPCR was used to
determine their mRNA levels. Sixteen out of 20 genes tested showed an increase in their
mRNA levels in HDAC3 knockdown larvae when compared to those in control dsmalE
treated larvae (Fig. 3.5 D). Comparison of up-regulated genes between JH III (Roy & Palli,
2018) and dsHDAC3 treated larvae identified six common genes including Kr-h1 (Table
3.5). Six genes that code for proteins containing zinc finger, COG5048 domains found in
Kr-h1 were also up-regulated in HDAC3 knockdown larvae (Table 3.6).
Identification of genes affected by both HDAC3 knockdown and TSA treatment
TSA selectively inhibits class I and II HDACs and was shown to alter gene
expression by preventing the removal of acetyl groups from histones (Vanhaecke, Papeleu,
Elaut, & Rogiers, 2004). Previous studies from our lab identified TSA induced genes in
Tribolium TcA cells (Roy & Palli, 2018). Comparison of TSA induced genes with upregulated genes in HDAC3 knockdown insects identified multiple genes (5.3% of DGEs)
that are common in both the treatments (Fig. 3.6). The common genes identified from this
analysis are listed in Additional file 2-RNA-seq data dsHDAC3. To verify the results, we
selected nine genes (Table 3.7) and determined their mRNA levels in dsHDAC3 treated T.
castaneum pupae (Fig. 3.7 A) and TcA cells (Fig. 3.7 B). Myo22 (myosin-I heavy
chain/TC008923), shaven (paired box protein Pax-5/TC003570) and, Pvf3 (PDGF- and
VEGF-related factor 3/TC008417) were significantly up-regulated in dsHDAC3 treated T.
castaneum pupae and TcA cells when compared to their expression in control insects and
cells treated with dsmalE (Fig. 3.7 A, B). We also confirmed the significantly higher levels
of neprilysin-11 (TC013029) in pupae treated with dsHDAC3 (Fig. 3.7 A). In addition,
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zinc finger protein 2-like (TC032605) and muscle M-line assembly protein unc-89
(TC003005) were significantly up-regulated in TcA cells treated with dsHDAC3 (Fig. 3.7
B). Since HDAC3 deacetylates co-activators like acetyltransferases p300/CBP and
p300/CBP-associated factor (PCAF) (H. C. Chuang, Chang, Chang, Yao, & Chen, 2006;
Grégoire et al., 2007), we compared lists of TSA induced genes, up-regulated genes in
HDAC3 knockdown insects and down-regulated genes from CBP knockdown cells (Roy
et al., 2017). Common genes identified from this comparison are listed in Table 3.8.
HDAC3 regulates acetylation levels of histone H3
Total proteins were isolated from the dsHDAC3-treated last instar larval tissues and
subjected to the western blot assay using acetyl-histone H3 antibody sampler kit #9927
(Cell Signaling, MA) to determine the targets of HDAC3 deacetylation. We evaluated the
various lysine acetylation sites of histone H3 using Lys9, Lys14, Lys18, Lys27, and Lys56
specific antibodies. Increased acetylation of H3K9 and H3K27 was detected in dsHDAC1,
and dsHDAC3 treated larvae compared to the levels in dsmalE treated larvae (Fig. 3.8 A,
B). These data suggest that H3 is one of the targets for HDAC3.

Discussion
Recent research in our lab demonstrated that HDAC1 suppresses Kr-h1 gene
expression and regulate JH suppression of metamorphosis in T. castaneum (George et al.,
2019). In the current study, we investigated the role of the other member of the HDAC
class I, the HDAC3. Unlike HDAC1 knockdown, which causes complete lethality during
the larval stage, some of the HDAC3 knockdown larvae undergo pupation, but the pupae
exhibited defects, especially wing folding. Also, the pupae developed from dsHDAC3
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treated larvae are smaller in size compared to compared control treated with dsmalE (Fig
3.9). In D. melanogaster, the HDAC3 mutant caused death during the late third instar
larval and early pupal stages. Also, the imaginal discs are significantly reduced, and the
pouch region of the wing disc appears to be smaller in size compared to the wild-type (Zhu
et al., 2008). RNAi-mediated HDAC3 knockdown in the beetle, Gnatocerus cornutus,
caused a reduction in hind wing size (Ozawa et al., 2016).
One of the primary outcomes of this research is the discovery that HDAC3 may
have a role in the larval development of T. castaneum. The knockdown of HDAC3 in newly
molted last instar larvae caused an up-regulation of genes involved in JH action (SRC,
CBP) and JH response (Kr-h1 and 4EBP). In D. melanogaster, HDAC3 plays a crucial role
in development, consistent with their relatively high expression during the embryonic and
adult stages (Cho et al., 2005). Our developmental expression studies on HDAC3 showed
a significant up-regulation of the HDAC3 gene expression in 24 h-old pupae (Fig. 3.3 A).
Previous studies reported that T. castaneum HDAC3 is expressed during all developmental
stages, and the highest mRNA levels were detected in one-day-old pupae (M. Chen et al.,
2019). We also demonstrated that the depletion of HDAC3 during the T. castaneum prepupal stage (72-h old), results in abnormal pupal development. Interestingly, transcription
factor E93 (adult specifier) was down-regulated in HDAC3 knockdown pupal and cell
samples (Fig. 3.7 A, B). In T. castaneum and D. melanogaster, E93 promotes adult
metamorphosis and represses the expression of antimetamorphic genes Kr-h1 and Broadcomplex (Urena et al., 2014). In HDAC3 knockdown insects, we found up-regulation of
Kr-h1, Br-C, and down-regulation of E93. The timing and expression levels of Kr-h1, BrC, and E93 (metamorphic genetic network) facilitate the proper larval-pupal-adult
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transition in holometabolous insects (Urena et al., 2016). Based on these data, we propose
that the misregulation of critical hormone-related genes caused the abnormal pupal
development in HDAC3 knockdown insects. In general, histone acetylation and
deacetylation at the promoter region are associated with transcription activation and
repression, respectively (Swaminathan, Gajan, & Pile, 2012). Interestingly, differential
gene expression analysis of sequences of RNA isolated from dsHDAC3 and dsmalE treated
larvae identified 563 (76% up-regulated, and 178 (24%) down-regulated genes. The data
suggest that the HDAC3 is involved in suppression of gene expression in T. castaneum
larvae. The maintenance of equilibrium between acetylation and deacetylation of histones
and non-histone proteins is essential for healthy cell growth. Loss of HDAC1 or HDAC3
leads to cell growth inhibition and overexpression of genes involved in lipid metabolism,
DNA replication, cell cycle regulation, and signal transduction (Foglietti et al., 2006).
Histone acetyltransferases and deacetylases control cell proliferation and differentiation
(Lehrmann, Pritchard, & Harel-Bellan, 2002).
Myo22, a myosin heavy chain gene essential for muscle development, is a common
gene up-regulated by HDAC3 knockdown larvae, and TSA treated cells. (Fig 3.7 A, B).
Functions of myosin heavy chain (MHC) family genes in T. castaneum were reported
recently (Li et al., 2019). The TcMyo20 is essential for wing and leg morphogenesis in T.
castaneum. MHC isoforms regulate muscle function and are critical for specialized
functions such as flying and jumping in D. melanogaster (Wells, Edwards, & Bernstein,
1996). The activity of HDACs (class I, II) promoted swimming performance, but reduced
slow and fast MHC content in cardiac and skeletal muscles in zebrafish. Trichostatin A
(TSA, Class I, II HDAC inhibitor) induces JH response genes in a dose-dependent manner
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in T. castaneum (Xu et al., 2018). TSA works as an epigenetic modulator, and deacetylation
by TSA regulates the expression of key players involved in JH and 20E action in TcA cells
(Roy & Palli, 2018). HDAC inhibition by TSA led to an increase in the concentration of
MHC in both skeletal and cardiac muscle in zebrafish (Danio rerio) (Seebacher &
Simmonds, 2019). Histone acetyltransferases CBP/p300 binds to the muscle-specific
promoter, and this leads to enhanced transcription of muscle-specific genes (Lehrmann et
al., 2002). Our data suggest that HDAC3 could play an important role in muscle
development and function. However, further studies are needed to identify the exact
mechanism of HDAC3 suppression of Myo22 in T. castaneum.
Our results also demonstrated the role of HDAC3 in the regulation of ‘shaven,’ a
transcription factor that is involved in the development of a variety of sensory organs
(Kavaler, Fu, Duan, Noll, & Posakony, 1999). Additionally, we confirmed the upregulation of Pvf3 in HDAC3 knockdown larvae. Pvf3 functions in embryonic
plasmatocyte survival and migration in D. melanogaster (Duchek, Somogyi, Jekely,
Beccari, & Rorth, 2001). Interestingly, LOC103313779 (nuclear receptor co-repressor 1,
TC006021; Drosophila ortholog for smrter (smr), co-repressor of ecdysone receptor) was
up-regulated in HDAC3 knockdown samples (Table 3.3). Suppression HDAC3 enhances
apoptosis induced by paclitaxel in human maxillary cancer cells (Narita et al., 2010).
HDAC3 is associated with the nuclear receptor co-repressor complex containing
N-CoR and SMRT (Silencing mediator for retinoid and thyroid hormone receptors) (Glass
& Rosenfeld, 2000; Kao, Downes, Ordentlich, & Evans, 2000). HDAC3 is crucial for
repression by multiple nuclear receptors, and the N-CoR HDAC3 complex plays a unique
role in thyroid hormone receptor-mediated gene repression in human 232T cells (Ishizuka
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& Lazar, 2003). Our previous studies demonstrated that the HDAC1/SIN3 multiprotein
complex regulates the expression of Kr-h1 (George et al., 2019). Further studies with the
NCoR-HDAC3 complex is required to identify the mechanism of gene regulation by
HDAC3.
In D. melanogaster, knockdown of RPD3 by RNAi affects global histone
acetylation, especially K9/14 of histone H3 and K8/K12 of histone H4 (Pile et al., 2002).
Similarly, HDAC1 and RPD3 disruptions result in histone H4 and H3 hyperacetylation,
especially at H3K9/18 and H4K5 and K12 in the Saccharomyces cerevisiae (Rundlett et
al., 1996). Our western blot results showed that RNAi- mediated knockdown of HDAC3
results in an increase in acetylation of Histone H3K9, H3K18, and H3K27 in T. castaneum
larvae (Fig. 3.8 A, B). In rats, acetylation of H3K9 increased in cortical neurons
accompanied by a reduction of nuclear localization of HDAC3 (X. Yang, Wu, Zhang, &
Feng, 2016). Treatment of HeLa cells with TSA or silencing of HDAC3 expression by
small interfering RNA caused hyperacetylation of Lys-9 in histone H3 near the growthdifferentiation factor 11 (gdf11) promoter (X. Zhang et al., 2004). HDAC3 selectively
represses CREB3-mediated transcription and migration of metastatic breast cancer cells
(Kim et al., 2010). The histone H3 acetylase dGcn5 is a notable player in D. melanogaster
metamorphosis (Carre, Szymczak, Pidoux, & Antoniewski, 2005). HDAC3 deacetylases
myocyte enhance factor 2, a transcription factor essential for controlling gene expression,
muscle differentiation, apoptosis, and survival of different cell types (Grégoire et al., 2007).
These data suggest that HDAC3 suppression induces the acetylation status of histone H3.
WEGO plot showed enrichment of terms involved in biological regulation, regulation of
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the cellular process, signal transduction, ion binding, and catalytic activity in HDAC3
knockdown insects.
In conclusion, HDAC3 knockdown interferes with the JH response gene Kr-h1,
pupal specifier Br-C, and the adult specifier transcription factor E93. JH response genes
Kr-h1 and Br-C were significantly up-regulated by HDAC3 knockdown; the ecdysone
response gene E93 was significantly down-regulated. Six genes were commonly upregulated in dsHDAC3- and TSA-treatment, and down-regulated in dsCBP treatment
(Table 3.8). We further confirmed our result with RT-qPCR and identified that TC003570
(Shaven) and TC008417 (pvf3), which are important for sensory and cell proliferation,
respectively, are significantly up-regulated in HDAC3 knockdown pupae. A model for the
HDAC3 function is shown in Figure 3.10. We identified that HDAC3 reduction in T.
castaneum affects the genes responsible for muscle development and signal transduction,
and thereby affecting the development and metamorphosis.
Availability of data and materials
Short-read (Illumina HiSeq 4000) sequence data are available in the NCBI SRA
(accession nos PRJNA495026, PRJNA612004). BioSample metadata are available in the
NCBI BioSample database (http://www.ncbi.nlm.nih.gov/biosample/) under accession
number SAMN10203356, SAMN10203357, SAMN14356364, SAMN14356365).
Additional files
Supplementary files for this chapter are available as Additional file 2-RNA-seq data
dsHDAC3

71

Table 3.1 List of dsRNA and RT-qPCR primers used in the HDAC3 study
Gene
Primer
TcdsHDAC3F

TAATACGACTCACTATAGGGTGCAGATTTACCGGCCTTAC

TcdsHDAC3R TAATACGACTCACTATAGGGATGACCCGATCAGTGAGATAGA
TcqHDAC3F

GAGACGCAATCCCTGAAG

TcqHDAC3R

TTTCGCCTCGACCATCTTA

TcqMyo22F

TTGCTCTCTCTCGCATGTTC

TcqMyo22R

GCCTTCTTCGGTCACGTAAT

TcqShavenF

GGAGTGTTCGTTAACGGTAGG

TcqShavenR

CCCTCAGCTGCCTTGAAATA

TcqPvf3F

CCAGCTCCTGTCTCTTCTTTC

TcqPvf3R

CTCCAATGCGGCGTTTATTG

Tcq013029F

CTGATGAGCTTCTGGACGATAG

Tcq013029R

CTCGTCCAGTTCCAGCTAAAT

Tcq005670F

GAAGCCCTGCGACCAAATA

Tcq005670R

GTGTCGTCGTCGTTCTCTTTAC

Tcq012510F

CTCTCTGAAGCACCACAATGA

Tcq012510R

CGTTTCGACGTAGCCTTGAT

Tcq032605F

ACCGTACCAGTGTGAGAATTG

Tcq032605R

CGGAATAAGACCACACGTATCC

Tcq003005F

ATGCCTTCATCCAGCGTAAG

Tcq003005R

TTCACCGCTTGTAGAGGTTTC

Tcq000401F

AACGCCGACGTCACTTATTC

Tcq000401R

GCGCTCGTAGTCCAACATATC
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Table 3.2 Summary statistics of RNA-sequencing output of dsHDAC3
A. Run Summary
Lane PF* Yield (bp) Number of PF*
Q30%
Average
Clusters**
Quality Score
7

15,963,128,520

313,002,520

95.64

39.04

* PF: Passed Filter. ** For single-read sequencing (SR), number of reads =
number of clusters.
B. Read count statistics
Samples
Read Count

Single, mapped %

Reverse % of
reads mapped

MalE-1

12,545,282

51.11

80.56

MalE-2

16,562,495

45.23

82.45

HDAC3-1

14,874,511

65.17

84.52

HDAC3-2

19,121,057

40.97

83.11
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Table 3.3 Expression changes of genes involved in hormone action/response identified
by RNA-seq analysis of dsHDAC3
Gene symbol

Gene description

Fold
changea

P-valueb

Kr-h1

Krüppel homolog 1

3.36

0.00

LOC655046

Ecdysone induced protein 78C

16.06

5E-09

LOC660434

Broad-complex core protein isoform 6-like

2.40

0.03

LOC103313779 Nuclear receptor co-repressor 1

2.69

0.00

LOC658947

2.04

0.00

a

Nuclear hormone receptor FTZ-F1 beta

Experiment - fold change

b

Baggerley's test: normalized values
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Table 3.4 The list of select differentially expressed genes identified by RNA-seq and
verified by RT-qPCR in HDAC3 knockdown larvae
Gene
Description
Domain
TC000110 transcription termination factor 2

HELICc, DEXDc, SNF2_N

TC001775 nuclear factor 1 C-type

MH1 superfamily, NfI_DNAbd_pre-N

TC001921 lethal (3) malignant brain tumorlike protein 4

MBT, SAM_Scm-like-3MBT3,4, zfC2HC, SAM

TC003720 pangolin

SOX-TCF_HMG-box,
CTNNB1_binding superfamily

TC003972 apterous a

Homeobox, LIM2_Lhx2_Lhx9,
COG5576

TC004015 uncharacterized LOC655848

MBF2

TC006021 nuclear receptor co-repressor 1

SANT superfamily

TC006040 homeobox protein PKNOX2

Homeobox_KN, Meis_PKNOX_N

TC008129 N-alpha-acetyltransferase 30

Acetyltransf_1, RimI

TC011468 mortality factor 4-like protein 1

MRG, Tudor-knot

TC012866 FACT complex subunit Ssrp1

HMG_box, PH2_SSRP1-like

TC014548 uncharacterized LOC100141687

Zf-RING_2

TC014708 uncharacterized LOC663601 (rel)

RHD_dimer, RHD-n super family

TC015048 zinc finger protein 184

COG5048, zf-H2C2_2

TC015577 pleiohomeotic

zf-C2H2, COG5048

TC015843 uncharacterized LOC659528

JHBP

TC016270 kelch-like ECH-associated
protein 1

BACK, BTB, Kelch, PHA03098

TC031140 insulin-like growth factor 2
mRNA-binding protein 1

KH-I

TC034026 broad-complex core protein
isoform 6-like

BTB

TC012990 Krüppel homolog 1

Zf-H2C2_2, COG5048
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Table 3.5 Significantly up-regulated genes involved in JH action/response genes in
HDAC3 knockdown larvae
Gene symbol
Gene description
JH
dsHDAC3
Fold
change

Pvalue

Fold
change

Pvalue

96

0.030

4.1

0.004

LOC100141923 sodium-coupled monocarboxylate
transporter 2-like

203

0.004

3.8

0.009

LOC103314154 DNA primase large subunit

3.8

0.020

3.4

0.011

Kr-h1

Krüppel homolog 1

29.9

0.000

3.4

0.003

LOC659929

lachesin

121

0.010

3.1

0.049

LOC660154

projectin

14

0.030

3.0

0.000

LOC659434

a

fibroblast growth factor receptor
homolog 1

Experiment - Fold Change (normalized values)

b

Baggerley's test: HDAC3 vs malE normalized values
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Table 3.6
HDAC3

Zn-Finger-COG5048 domains identified among genes regulated by

Gene Symbol

Locus tag

Gene description

Fold
change

Pvalue

Kr-h1

TC012990 Krüppel homolog 1

3.36

0.00

Pho

TC015577 Pleiohomeotic

2.10

0.01

LOC662411

TC015048 zinc finger protein 184

3.04

0.03

LOC662791

TC002961 transcriptional repressor CTCF

2.26

0.00

2.89

0.01

LOC103313190 TC032605 zinc finger protein 2-like

13.87

0.00

LOC103313193 TC002118 Krüppel like factor 6

2.30

0.01

LOC103313118

gastrula zinc finger protein
XlCGF57.1
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Table 3.7 List of genes selected (comparing TSA induced genes (TcA cells) with upregulated genes in HDAC3 knockdown larvae) for RT-qPCR verification
Locus tag
Gene Description
TSA-up
dsHDAC3-up
Fold
change

P-value

Fold
change

Pvalue

TC012510

uncharacterized LOC103314255

85.49

0.009

27.08

0.001

TC032605

zinc finger protein 2-like

4.27

0.000

13.87

0.003

TC003005

muscle M-line assembly protein
unc-89

3.11

0.000

10.31

0.000

TC003570

shaven

2.51

0.000

7.74

0.022

TC008923

myo22

6.80

0.000

3.75

0.046

TC013029

neprilysin-11

2.59

0.000

2.06

0.036

TC008417

Pvf3

3.52

0.000

3.73

0.014

TC000401

FAT

6.05

0.000

2.30

0.010

TC005670

epidermal growth factor-like
protein 8

4.27

0.004

2.34

0.000
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Table 3.8 Common genes identified among those up-regulated after HDAC3
knockdown, induced by TSA and down-regulated after CBP knockdown
TSA-up
dsHDAC3-up
dsCBP-down
Locus tag

Gene Description

Fold
change

Pvalue

Fold
change

Pvalue

Fold
change

Pvalue

TC003570 paired box protein
Pax-5/sv/shaven

2.51

0.00

7.74

0.02

-2.07

0.00

TC008417 PDGF- and VEGFrelated factor 3/Pvf3

3.52

0.00

3.73

0.01

-2.47

0.00

TC003987 Titin

5.46

0.00

2.75

0.00

-2.20

0.00

TC005670 Epidermal growth
factor-like protein 8

4.27

0.00

2.34

0.00

-3.35

0.01

TC000401

6.05

0.00

2.30

0.01

-2.10

0.00

2.59

0.00

2.06

0.04

-6.09

0.00

FAT; Cadherin

TC013029 Neprilysin-11
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Figure 3.1 HDAC3 is conserved and universal.
A) Phylogenetic tree of HDACs families in the T. castaneum. The evolutionary HDAC tree
was inferred using the Neighbor-joining method. Evolutionary analyses were conducted in
MEGA7 (Kumar, Stecher, & Tamura, 2016). The tree is drawn to scale, with branch
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lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Poisson correction
method and the units of the number of amino acid substitutions per site. B) Neighborjoining phylogenetic tree of HDAC3 constructed using the amino acid sequence of proteins
from selected organisms. (Arthropoda: Drosophila melanogaster (Dm) (Insecta: Diptera),
Ixodes scapularis (Arachnida: Ixodida), Pediculus humanus capitis (Insecta: Phthiraptera),
Apis mellifera (Insecta: Hymenoptera), Tribolium castaneum (Insecta: Coleoptera),
Acyrthosiphon pisum (Insecta: Homoptera), Bombyx mori (Insecta: Lepidoptera), Aedes
aegypti (Insecta: Diptera), Anopheles gambiae (Insecta: Diptera), Daphnia pulex
(Crustacea: Water flea). Vertebrata: Homo sapiens (Hs), Danio rerio (Dr), Rattus
norvegicus (Rn), Mus musculus (Mm). Nematoda: Caenorhabditis elegans (Ce). Fungi:
Saccharomyces cerevisiae (Sc) (Yeast). Plantae: Arabidopsis thaliana (At)
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A

a

b
Injected at last larval stage ( 0 h )

c
Injected after 3 days of
last larval stage (72 h)

d

Control pupae (malE)

e

Injected at pupal
stage (0 h)

Control adult (malE)

B

Figure 3.2 Phenotypes and mortality induced by RNAi-mediated knockdown of
HDAC3 in T. castaneum.
A) a) dsHDAC3 was injected into the newly molted last instar larvae. Developmental
defects and mortality were recorded every day until adult eclosion. The knockdown of the
HDAC3 gene affected pupal development resulting in abnormally folded wings. b) Control
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larvae injected with dsmalE pupated in 5-6 days after injection and later emerged as healthy
adults. c) The larvae injected with dsHDAC3 at 72 h after ecdysis to last instar larval stage
pupated but showed abnormally folded wings. d) dsHDAC3 injected into newly formed
pupae caused defects in the wing development. e) Healthy adults have emerged from the
pupae injected with dsmalE. B) 40% of pupal and 55% of adult mortality were observed
after the injection of dsHDAC3 into day 0 pupae and adults. * indicates treatments
significantly different from control, P £ 0.05 by t-test. Mean ± SE (n = 30) are shown.
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A

B

C

Figure 3.3 Developmental expression and JH induction of HDAC3 in T. castaneum.

A) HDAC3 mRNA levels were determined during the penultimate, last larval, and pupal
stages at 24 h intervals. Total RNA was isolated from a pool of two larvae for each
replication. RT- qPCR was used to determine the relative mRNA levels. Mean ± SE (n=4)
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are shown. Levels not connected by the same letter are significantly different. B) JH
suppresses the expression of HDAC3 in T. castaneum larvae. S-Hydroprene (H, JH analog)
dissolved in cyclohexane (C) was topically applied to 48 h-old last instar larvae (0.5 µL of
2 µg/µL). At six hours after treatment, total RNA was isolated and subjected to RT- qPCR.
The expression of the JH response gene Kr-h1 was significantly induced, and HDAC3 was
significantly suppressed mean ± SE (n=4) are shown. * indicates treatments that are
significantly different from control, P £ 0.05 by t-test. C) Met is required for suppression
of HDAC3 by hydroprene. Newly molted last instar larvae were injected with dsMet or
dsmalE. At 48 h after injection of dsRNA, the larvae were treated with hydroprene. Total
RNA isolated from larvae was used to quantify Kr-h1, HDAC3 and, Met mRNA levels.
The data shown are mean ± SE (n=4). The data were analyzed using analysis of variance,
each pair student’s t-test. Mean values with the same letter are not significantly different
from each other. C, cyclohexane; H, hydroprene.
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Figure 3.4 HDAC3 knockdown in the last instar larvae of T. castaneum affects the
expression of genes involved in JH action and response.
A) The knockdown of HDAC3 in newly molted last instar larvae caused an up-regulation
of genes involved in JH action (SRC, CBP) and JH response (Kr-h1, 4EBP, G13402).
Newly molted last instar larvae were injected with dsHDAC3 or dsmalE. Total RNA was
extracted at 12 h after treatment, and the mRNA levels of JH-response genes (Kr-h1, 4EBP)
genes involved in JH action (Met, SRC, CBP), HSP90 and Actin were quantified. The mean
± SE (n=4) are shown. * indicates treatments that significantly different from control, P £
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0.05 by t-test. B) The knockdown of HDAC3 in pupae caused an up-regulation of JH
response genes (Kr-h1, 4EBP, G13402). 72 h-old last instar larvae were injected with
dsHDAC3 or dsmalE. Total RNA was extracted on the fifth day after injection was used
to determine relative mRNA levels of SRC, CBP, Kr-h1, 4EBP, G13402, HSP90, and
Actin.
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A

D

B

C

Figure 3.5 HDAC3 knockdown in the last instar larvae of T. castaneum affects the
transcription of genes involved in multiple pathways.

A) Heatmap of RNA-seq data. The heatmap of normalized mean expression values of 741
differentially expressed genes (≥ 2- fold and a P £ 0.05) between dsmalE and dsHDAC3
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treated insects. B) Differentially expressed genes identified after HDAC3 knockdown
represented as the volcano plot. The X and Y-axis represent the -log10 P- values and log2
fold change of mean normalized values, respectively. The red dots indicate the genes that
showed ≥ 2- fold difference in expression with a P £ 0.05. C) The WEGO analysis
identified enrichment of various biological processes, molecular and cellular functions.
The WEGO histogram shows the number and percent of genes in the cellular component,
molecular component, and biological function ontology classification group for T.
castaneum transcriptome and 741 up-regulated DEG genes in HDAC3 knockdown larvae.
The Blast2GO PRO-plugin software was used for the functional annotation of the
transcripts. D) RT-qPCR verified the expression of 20 selected genes from the up-regulated
group (RNA-seq data).
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dsHDAC3

499
(41.7%)

TSA

635
(53%)

64
(5.3%)

Figure 3.6 Venn diagram comparing the up-regulated genes from dsHDAC3 (larvae)
and Trichostatin A (TSA) treated TcA cells.
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A

B

Figure 3.7 Confirmation of HDAC3 targets in T. castaneum pupae and TcA cells.
A) 72 h-old last instar larvae were injected with dsHDAC3 or dsmalE. Total RNA was
extracted at five days after injection, and mRNA levels were quantified. The mean ± SE of
four replications is shown. * indicates treatments that significantly different from control,
P £ 0.05 by t-test. B) TcA cells were treated with dsHDAC3 or dsmalE. Total RNA was
extracted 72 h after dsRNA treatment, and mRNA levels were quantified. The mean ± SE
of four replications is shown. * indicates treatments that significantly different from
control, P £ 0.05 by t-test.
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dsmalE dsHDAC1

dsHDAC3

B

Figure 3.8 HDAC3 knockdown affects acetylation levels of histone H3 in T. castaneum
larvae.
A) The knockdown of HDAC3 increased acetylation levels of histone H3. The total protein
extracted from dsHDAC3 or dsmalE injected larvae were resolved on SDS-PAGE gels,
transferred to western blots, and probed with antibodies recognizing Acetyl-Histone H3
(Antibody Sampler Kit # 9927-Cell Signaling (H3K9, H3K14, H3K18, H3K27, and
H3K56). ß-actin served as a loading control. The HRP-linked IgG (#7074-Cell Signaling)
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was used as a secondary antibody. The lysine acetylation status of histone H3K9 and
H3K27 increased in HDAC3 knockdown larvae. B) Normalizing western blot data.
Loading control protein; ß-Actin was used to normalize the protein of interest. Band
intensity was determined by Image-J software. The fold change in treatments compared to
control was represented in the graph.
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1000μm

1000μm

dsHDAC3

dsmalE

Injected at last larval stage ( 0 h )

dsHDAC3- Injected after 3 days of last larval stage
(72 h)
Figure 3.9 HDAC3 knockdown pupal phenotypes.

Phenotypes observed in insects injected into the last instar larvae. Developmental defects
for wings and sclerotized areas were found.
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Enhancement
of JH response
gene

Kr-h1

Myo22

HDAC3

Enhancement of
muscle
development

Shaven,
Pvf3
Sensory and cell
proliferation

E93

Suppression of
ecdysone response
gene (adult specifier)
Figure 3.10 Schematic representation of HDAC3 action in the red flour beetle.

JH response gene Kr-h1 was significantly up-regulated by HDAC3 knockdown; the
ecdysone response gene E93 was significantly down-regulated. Myo22, a myosin heavy
chain gene essential for muscle development, is up-regulated by HDAC3 knockdown.
TC003570 (Shaven) and TC008417 (pvf3), which are required for sensory and cell
proliferation, significantly up-regulated in pupae developed from HDAC3 knockdown
larvae.
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CHAPTER 4. HISTONE DEACETYLASE 11 KNOCKDOWN BLOCKS LARVAL DEVELOPMENT
AND METAMORPHOSIS IN THE RED FLOUR BEETLE, TRIBOLIUM CASTANEUM (HERBST)
This chapter was submitted to the Epigenomics and Epigenetics section of Frontiers in
genetics with the following authors: Smitha George and Subba Reddy Palli.

Summary
Our recent studies have demonstrated that class I HDACs (HDAC1 and HDAC3)
play important roles in juvenile hormone (JH) suppression of metamorphosis in the red
flour beetle, Tribolium castaneum. Here, we report on the function of single class IV
HDAC member, HDAC11. Injection of dsRNA targeting T. castaneum HDAC11 gene into
newly molted last instar larvae induced knockdown of the target gene and arrest in larval
development and prevented metamorphosis into the pupal stage. Dark melanized areas
were detected in larvae that showed developmental arrest and mortality. Developmental
expression studies showed an increase in HDAC11 mRNA levels beginning at the end of
the penultimate larval stage. These higher levels were maintained during the final instar
and pupal stages. JH analog, hydroprene, suppressed HDAC11 expression in the larvae.
Sequencing of RNA isolated from control and dsHDAC11 injected larvae identified several
differentially expressed genes, including those involved in JH action, ecdysone response,
and melanization. The acetylation levels of core histones showed an increase in TcA cells
exposed to dsHDAC11. Also, an increase in histone H3 acetylation, specifically H3K9,
H3K18, and H3K27 were detected in HDAC11 knockdown larvae. These data suggest that
HDAC11 influences the acetylation levels of histones and expression of multiple genes
involved in T. castaneum larval development.
Keywords: Juvenile hormone, Epigenetics, Histone deacetylase 11, Histone H3, dsRNA.

Introduction
Two major insect hormones, ecdysteroids (20-hydroxyecdysone, 20E, is the most
active form) and juvenile hormones (JH) regulate many aspects of insect life, including
postembryonic development (Klowden, 2013). These hormones have been extensively
studied because of their involvement in the regulation of multiple biological processes,
including diapause, reproduction, and polyphenism (Riddiford, 1994, 2012; Wigglesworth,
1934). JH are sesquiterpenoids secreted by the corpora allata that mediate a variety of
functions in insects (Jindra et al., 2013). The JH signaling cascade is a complex molecular
process that includes multiple players such as JH receptor, Methoprene-tolerant (Met)
(Wilson & Fabian, 1986) and, its heterodimeric partner, SRC, steroid receptor co-activator
homolog (Z. L. Zhang et al., 2011). The JH-receptor complex binds to the juvenile hormone
response elements (JHRE) present in the promoters of JH-response genes and regulate their
expression (Kayukawa et al., 2012).
Hormones represent attractive targets for the development of environmentallyfriendly insect control methods. Hindering this effort is the lack of knowledge on the
molecular basis of hormone action. Research in epigenetics-based gene regulation has
facilitated the discovery of various post-translational modification mechanisms (PTM)
such as methylation, acetylation, phosphorylation, and ubiquitination. The role of
acetylation in the hormonal regulation of 20E induced gene expression in Drosophila
melanogaster has been reported (Bodai et al., 2012b). CREB-binding protein (CBP)
mediates acetylation of histone H3K27 antagonizes 'Polycomb' silencing in D.
melanogaster (Tie et al., 2009). The CBP also functions in regulating the expression of
hormone response genes in Tribolium castaneum (Roy et al., 2017; Xu et al., 2018) and
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Blattella germanica (Fernandez-Nicolas & Belles, 2016). Since acetylation is a key
component in the regulation of gene expression, we decided to explore the function of
histone deacetylases (HDACs) in the red flour beetle, T. castaneum. Recent findings from
our lab have demonstrated that class I HDACs (HDAC1 and HDAC3) play important roles
in JH suppression of metamorphosis in T. castaneum (George et al., 2019). Here, we
focused on the function of sole class IV HDAC member, HDAC11 (TC007473), to study
its role in T. castaneum development.
Human HDACS identified to date can be grouped into four classes; class 1-IV
based on their structure, phylogeny, and function. Class I HDACs are ubiquitously
expressed and play essential roles in proliferation, whereas classes II and IV have a tissuespecific function (Lehrmann et al., 2002). HDAC11 first described in 2002 is a unique
member class IV HDAC family since it is not homologous with RPD3 or HDA1 yeast
enzymes (L. Gao, Cueto, Asselbergs, & Atadja, 2002). Selective/class-specific inhibitors
targeting HDAC11 have been developed for treating patients with myeloproliferative
neoplasms (MPN) (Yue et al., 2020). HDAC11 shows some sequence similarity to class I
and II HDACs and is highly conserved in invertebrates and plants (X. J. Yang & Seto,
2008). HDAC11 depletion in neuroblastoma cell lines induces cell death mediated by
apoptotic programs (Thole et al., 2017). HDAC11 knockout study in mice identified an
age-dependent brain region-specific function in regulating FEZ1 (fasciculation and
elongation protein zeta 1), a gene associated with schizophrenia (Bryant et al., 2017).
HDAC11 knockout mice showed resistance to high-fat-diet-induced obesity and metabolic
syndrome, suggesting that HDAC11 functions as a critical metabolic regulator (Sun et al.,
2018). However, not much information is available on HDAC11 function in insects. We
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employed RNAi, RNA sequencing, and RT-qPCR to elucidate the role of HDAC11 in T.
castaneum. Knockdown of HDAC11 during larval stage induced arrest in larval
development, melanization, and mortality. RNA isolated from T. castaneum larvae injected
with double-stranded RNA (dsRNA) targeting the gene coding for HDAC11 (dsHDAC11)
or dsmalE (a control dsRNA targeting E. coli malE gene) was sequenced, and differential
gene expression analysis was conducted. Genes involved in hormone action and multiple
biological processes such as melanization were identified as differentially expressed genes
in HDAC11 knockdown larvae.

Materials and methods
Insects and cells
Insects (T. castaneum, GA-1 strain) (Haliscak & Beeman, 1983) were maintained
in Percival incubator set at 30°C and 65± 5% relative humidity and complete dark
conditions on organic wheat flour (Heartland Mill, Marienthal, KS) mixed with 10%
baker's yeast (MP biomedicals, Solon, OH). The T. castaneum cells, BCIRL-TcA-CLG1
(TcA), were cultured in EX-CELL 420 (Sigma-Aldrich, St-Louis, MO) medium
supplemented with 10% Fetal Bovine Serum (FBS, VWR-Seradigm, Radnor, PA) at 28°C
(C. L. Goodman et al., 2012).
Hormone treatments
S-Hydroprene (Ethyl 3, 7, 11-trimethyl-2, 4-dodecadienoate) from Sigma-Aldrich,
dissolved in cyclohexane at 2 µg/µl concentration was topically applied on the larvae. JH
III (Sigma) prepared in DMSO was used for treating TcA cells.
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Double-stranded RNA synthesis (dsRNA), RNA isolation, cDNA synthesis and
quantitative reverse transcription PCR (RT-qPCR)
T. castaneum HDAC11 orthologs were identified using the D. melanogaster
HDAC11 sequence available at the FlyBase (Thurmond et al., 2019). HDAC11-specific
primers containing T7 polymerase promoter at the 5' end (Table 4.1) and genomic DNA
isolated from T. castaneum were used to PCR amplify the fragment of HDAC11 used as a
template for dsRNA synthesis. The MEGAscript T7 kit (Invitrogen, USA) was used for
dsRNA synthesis. Purification, quality check, and quantification of dsRNA were
performed as described previously (George et al., 2019). Total RNA was isolated from
treated and control insects using TRI reagent-RT (Molecular Research Center, Inc.
Cincinnati, OH). The RNA was converted to cDNA using M-MLV reverse transcriptase
(Invitrogen-ThermoFisher Scientific). RT-qPCR was performed using iTaq Universal
SYBR Green Supermix (Bio-Rad, Hercules, CA) in Applied Biosystems StepOnePlus
Real-time PCR instrument. The qPCR mixture contained 2 µl of diluted cDNA (1:5), 0.4
µl gene-specific primer mix, 2.6 µl nuclease-free water, and 5 µl SYBR green in a 10 µl
final volume. The qPCR cycling conditions were: initial holding stage 95ºC (20 s),
followed by 40 cycles of denaturation at 95ºC (5 s), annealing, and extension at 60ºC (30
s) along with melting curve. The relative mRNA levels were calculated using RP49 as a
reference gene.
RNA-sequencing (RNA-seq) library preparation, sequencing, and differential gene
expression analysis
Total RNA extracted using the TRI reagent-RT was used for RNA-seq library
preparation following the protocol described previously (Hunt, 2015; Kalsi & Palli, 2017;
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Ma et al., 2014). Raw reads were analyzed following CLC genomic workbench pipeline
(Version 11.0.1). Blast2GO Pro Plugin in the CLC workbench was used to determine the
GO terms and represented using Web Gene Ontology Annotation Plot (WEGO) (Ye et al.,
2006).
Western blot analysis
We used Acetylated-Lysine (Ac-K2 -100) MultiMabTM Rabbit mAb mix #9814 to
detect proteins post-translationally modified by acetylation. Histone H3 antibody sampler
kit #9927 (Cell Signaling, MA) was used to evaluated the various lysine acetylation sites
of histone H3 using Lys9, Lys14, Lys18, Lys27, and Lys56 specific antibody. Band density
was determined by Image-J software and normalized with loading control protein, ß-Actin.
The Anti-rabbit IgG, HRP-linked antibody (Cell signaling #7074), was used for
chemiluminescence detection. The blots were developed with SupersignalTMWest Femto
Maximum sensitivity Substrate (Thermo Fisher, IL).
Statistical analysis
The statistical analyses were performed using JMP Pro 14.0 (SAS Institute Inc.,
Cary, NC) to test for statistical differences among treatments. Post-hoc tests were
conducted using the Tukey-Kramer HSD method (α=0.05). Differences between
treatments were compared using Student's t-test, P-value £ 0.05. One-way ANOVA was
performed for comparison of more than two groups.
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Results
T. castaneum HDAC11 protein structure
T. castaneum HDAC11 contains a single Zn+ dependent catalytic domain
surrounded by a short N- and C- terminus (Fig 4.1 A). Phylogenetic analysis of HDACs in
T. castaneum revealed that TcHDAC11 is closer to class I deacetylases (HDAC1, HDAC3,
and HDAC8) than to class II (Fig 4.1 B). T. castaneum HDAC11 open reading frame
consists of 314-331 residues with a molecular mass of 35.2-37.2 kDa and one catalytic
domain (Fig. 4.1 A). Comparison between the T. castaneum full-length HDAC11 amino
acid sequence with those from D. melanogaster and human HDAC11s amino acid
sequences showed 54 and 58 percent amino acid identity, respectively (Fig. 4.1 C).
HDAC11 knockdown arrests larval development
To determine HDAC11 function in larval, pupal development, and metamorphosis,
the dsHDAC11 was injected into newly molted last instar larvae (day 0), freshly formed
white-colored pupae and adults. The control insects injected with dsmalE (Fig. 4.2 Aa)
pupated after five to six days after dsRNA injection and later emerged as healthy adults.
Whereas, developmental arrest and mortality were observed in 100% of dsHDAC11
injected larvae (Fig. 4. 2 Ab). The arrested larvae showed dark pigmentation inside their
body (Fig. 4.2 Ac). Dark melanized patches of tissues attached to the integument were
detected in dissected larvae. About 40% of dsHDAC11 injected pupae, and 80% of
dsHDAC11 injected adults died within five days after injection (Fig. 4.2 B).
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Developmental expression and JH suppression of TcHDAC11
Low HDAC11 mRNA was detected in T. castaneum larvae soon after molting into
the penultimate larval stage (Fig. 4.3 A). Then the HDAC11 mRNA levels increased
gradually, reaching the maximum levels by the end of the penultimate larval stage (Fig. 4.3
A). The HDAC11 mRNA was detected throughout the last instar larval and pupal stages,
albeit with some fluctuations in their levels (Fig. 4.3 A). In general, higher levels of
HDAC11 mRNA were detected at the end of the penultimate and last instar larval stages
when compared to those at the beginning of these stages. Also, Higher levels of HDAC11
mRNA were detected in the pupae when compared to those in the larval stages.
Significantly lower levels of HDAC11 mRNA were detected in larvae treated with
hydroprene when compared to those in the control larvae treated with cyclohexane (Fig 4.3
B). Similarly, lower levels of HDAC11 mRNA were detected in TcA cells exposed to JH
III when compared to those in the control cells exposed to DMSO (Fig. 4.3 B). Also, the
JH-response gene, Kr-h1, was induced by hydroprene in larvae and JH III in cells (Fig. 4.3
B). These data suggest that JH suppresses HDAC11 gene expression. To determine whether
or not JH suppression of the HDAC11 gene requires the JH receptor, Met, T. castaneum
last instar larvae were injected with dsHDAC11 or dsmalE and then treated with
hydroprene or cyclohexane. As shown in Figure 4.3 C, dsMet injected larvae showed
significantly lower levels of Met mRNA when compared to those in larvae injected with
dsmalE. As expected, the HDAC11 mRNA levels decreased in dsmalE injected larvae
treated with hydroprene but not in dsMet injected larvae treated with hydroprene. Also, the
Kr-h1 gene was induced in dsmalE injected larvae but not in dsMet injected larvae. These
data suggest that Met is required for JH suppression of HDAC11 gene expression
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Identification of genes affected by HDAC11 knockdown
Knockdown efficiency of HDAC11 and its effect on the expression of JH response
genes in larvae were tested using RT-qPCR. A significant decrease in HDAC11 mRNA
levels was detected in larvae injected with dsHDAC11 when compared to those in dsmalE
injected larvae (Fig. 4.4). Interestingly, the mRNA levels of three JH-response genes (Krh1, 4EBP, G13402), SRC, and CBP increased significantly in dsHDAC11 injected larvae
compared to those in larvae injected with dsmalE. However, the expression of Met and
two housekeeping genes, Actin and HSP90, were not affected by HDAC11 knockdown
(Fig. 4.4). These data suggest that HDAC11 may influence the expression of JH-response
genes as well as genes coding for proteins involved in JH action.
The RNA isolated from dsHDAC11 and dsmalE injected larvae were sequenced to
identify other targets of HDAC11. Run summary and total read counts of sequencing
output are shown in Table 4.2. Heatmap representing the overall pattern of normalized
mean expression values of differentially expressed genes (DEGs) is shown in Figure 4.5
A. The DEGs are shown as a volcano plot with red dots indicating statistically significant
genes after the EDGE test between treatment and control (Fig. 4.5 B). We identified 1913
DEGs (Additional file 3-RNA-seq data dsHDAC11), 95% (1815) of these genes are upregulated, and 5% (98) are down-regulated. Hormone response genes Kr-h1, ecdysone
induced protein 74EF, and ecdysone receptor are among the up-regulated genes (Table
4.3). Web-based GO analysis of differently expressed genes showed enrichment of GO
terms for binding, especially nucleic acid and protein binding, biological regulation,
pigmentation, and developmental process (Fig. 4.5 C). To confirm the results from RNAseq analysis, we selected 20 genes based on their predicted function and expression levels
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and verified by RT-qPCR using the RNA isolated from T. castaneum larvae. Eighteen out
of 20 genes tested showed a positive correlation in their expression levels determined by
the two methods (Fig. 4.5 D). RT-qPCR analysis of RNA isolated from larvae and TcA
cells also verified select DEGs predicted by RNA sequence analysis genes (Fig. 4.6 A, B).
A comparison of up-regulated genes between JH III treated TcA cells (Roy & Palli, 2018),
and dsHDAC11 treated larvae identified eleven common genes, including the Kr-h1 (Table
4.4). Nine genes that code for proteins containing zinc finger, COG5048 domains found in
Kr-h1 are also up-regulated in HDAC11 knockdown larvae (Table 4.5). Since dsHDAC1
(George et al., 2019) and dsHDAC11 showed 100% larval mortality, we compared DEGs
between these two datasets and identified several common genes (Additional file 3dsHDAC1 vs. dsHDAC11). Notably, the expression of CBP was up-regulated by sevenfold in both treatments. Since dsHDAC11 larval phenotypes showed enhanced
pigmentation, we searched for genes coding for enzymes involved in melanism in our
RNA-seq data. Interestingly, several genes coding for enzymes known to function in
melanin biosynthesis were up-regulated in dsHDAC11 injected larvae (Table 4.6).
HDAC11 knockdown increases acetylation levels of histone H3
Increased acetylation of H3K9, H3K18, and H3K27 was detected in dsHDAC11
treated larvae compared to the levels in dsmalE treated larvae (Fig. 4.7 A). Also, TcA cells
exposed to dsHDAC11 showed an increase in acetylation of core histones H3, H2, and H4
(Fig. 4.7 B) compared with control cells treated with dsmalE. Increased acetylation of
H3K9, H3K18, and H3K27 was detected in dsHDAC11 treated cells compared to control
(Fig. 4.7 B). These data suggest that H3 is one of the targets for HDAC11 deacetylation.
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Discussion
We recently reported on the function of class I HDACs in JH suppression of
metamorphosis in T. castaneum (George et al., 2019). Here, we investigated the role of the
sole member of class IV HDACs, HDAC11. HDAC11 knockdown induced complete
lethality during the larval stage. Human HDAC11 is biochemically distinct from other
HDACs but phylogenetically closely related to class 1 HDACs (de Ruijter et al., 2003).
Similarly, phylogenetic analysis of HDACs in T. castaneum revealed that TcHDAC11 is
close to class 1 than to class II deacetylases (Fig 4.1 B).
Interestingly, we observed that knockdown of the HDAC11 gene during the final
instar larval stage of the red flour beetle, T. castaneum resulted in a dark-colored larval
phenotype that died eventually. Human HDAC11 is reported to be involved in the
regulation of different inflammatory responses and diverse immune functions (Yanginlar
& Logie, 2018). Dopa decarboxylase (Ddc) and phenoloxidase (PO) are necessary for
insect cuticular melanization, and the molecular action of 20-hydroxyecdysone on various
transcription factors leads to Ddc expression in Manduca sexta (Hiruma & Riddiford,
2009). Strict regulation of immune response and melanization is crucial for the proper
development and survival of insects. RNA-seq data showed that the genes coding for
enzymes (Tyrosine hydrolase, Ddc, Yellow-2, Laccase 1, Dopamine N acetyltransferase)
known to be involved in insect melanin biosynthesis are up-regulated in HDAC11
knockdown larvae (Table 4.6). In D. melanogaster, microbial infection triggers activation
of phenoloxidases; serine proteases and serine protease inhibitors (serpins) control the sites
of infection (Tang, 2009). Differential expression of genes coding for several serine
proteases, toll-like receptors, and serpins were observed in HDAC11 knockdown samples
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(Additional file 3-dsHDAC11_melanization terms). Melanization and toll pathway share
similar serine proteases in D. melanogaster (Dudzic, Hanson, Iatsenko, Kondo, &
Lemaitre, 2019). Inhibition of HDAC11 induced the expression of p53 in liver cancer cells
and promoted apoptosis (Gong, Zeng, Yi, & Wu, 2019). HDAC11 is reported to be
overexpressed in several carcinomas, and HDAC11 depletion causes cell death and inhibits
metabolic activity in controlling proliferation in several carcinoma cell lines (colon,
prostate, ovarian cell lines) (Deubzer et al., 2013). Similarly, HDAC11 depletion in
neuroblastoma cells triggers caspase activation and caspase-dependent apoptosis (Thole et
al., 2017). HDAC11 depletion in MYCN-driven neuroblastoma cell lines strongly induces
cell death, mostly mediated by apoptotic programs (Thole et al., 2017). Inhibitor studies
on mouse models identified that HDAC11 plays a crucial role in oncogene-induced
hematopoiesis in myeloproliferative neoplasms (MPNs) (Yue et al., 2020). Based on these
previous findings, it is likely that HDAC11 knockdown induces the death of some internal
tissues resulting in dark color detected in the larvae. Further work is required to uncover
mechanisms behind the phenotype detected after HDAC11 knockdown in T. castaneum
larvae.
Another finding of this research is that HDAC11 is required for larval development
and metamorphosis in T. castaneum. RNA sequencing and RT-qPCR analysis showed that
knockdown in HDAC11 affects the expression of JH and 20E response genes as well as
those coding for proteins involved in the action of these two hormones. Since both JH and
20E play critical roles in larval development and metamorphosis; HDAC11 may block
larval development and metamorphosis by affecting the action of these two hormones.
RNA-seq analysis revealed several genes, including transcription factor sox-10, Hairy,
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CBP, SRC, chromatin remodeler SWI/SNF complex subunit SMARCC2, polycomb
complex protein BMI-1-A, polycomb protein Scm, BTB/POZ, ultrabithorax, EcR,
tramtrack, ecdysone-induced protein 74EF, and nuclear hormone receptor FTZ-F1 that
showed an increase in expression in HDAC11 knockdown larvae. These data suggest that
the deacetylation of histones and other proteins by HDAC11 may lead to a decrease in
expression of these genes involved in JH and 20E action and response. However, the
precise mechanisms involved in the arrest in larval development induced by HDAC11
knockdown remains to be elucidated. Further studies are required to uncover molecular
mechanisms governing these phenotypes.
Apterous A (ap A, TC003972) and mortality factor 4-like protein 1 (TC011468) are
significantly up-regulated in dsHDAC11 treated larvae. RT-qPCR reconfirmed the result
in larvae and cells (Fig. 4.6 A, B). In D. melanogaster, apterous encodes a member of LIM
(Lin11, Isl-1& Mec-3) homeobox transcription factor, contributes to the identity of wing
cells, JH production, and neuronal pathfinding (Cohen, McGuffin, Pfeifle, Segal, & Cohen,
1992). Mortality factor 4-like protein 1 (TC011468), also known as NuA4 complex subunit
EAF3 homolog-like protein. In D. melanogaster, it is a MORF-related gene, part of the
Tip60 chromatin remodeling complex. Tip60 is involved in DNA repair by acetylating
phosphorylated H2AV in D. melanogaster (Kusch et al., 2004). Mortality factor 4 like 1
protein regulates chromatin remodeling and mediates epithelial cell death in a mouse model
of pneumonia (Zou et al., 2015). Interestingly, HDAC inhibitors activity leads to the
modulation of expression of various genes, in turn, induces growth arrest, differentiation,
and apoptotic cell death (Marks, Richon, & Rifkind, 2000). Moreover, HDAC11
overexpression inhibits the cell cycle progression in fibroblast of Balb/c-3T3 cells. Also,
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the HDAC11 transcript was identified as a platelet-derived growth factor (PDGF) target,
and HDAC11 mRNA abundance correlates inversely with proliferative status (Bagui,
Sharma, Ma, & Pledger, 2013). We identified fibroblast growth factor receptor homolog 1,
ankyrin-3 as common genes up-regulated in HDAC11 knockdown larvae, or JH III treated
cells (Table 4.4). Nuclear hormone receptors and their transcriptional coregulators were
expressed in neural stem cells, and their expression was altered during differentiation
induced by fibroblast growth factor 2 (FGF2) withdrawal. FGF2 withdrawal strongly
induced the mRNA expression of HDAC11 in mouse cells (Androutsellis-Theotokis,
Chrousos, McKay, DeCherney, & Kino, 2013). Chromatin modifier, HDAC11, regulates
lymph node metastasis development and dissemination in the breast cancer experimental
model (Leslie et al., 2019). Human HDAC11 expression is limited to kidney, heart, brain,
skeletal muscle, and testis, suggesting tissue-specific role (L. Gao et al., 2002). Small
interfering RNAs (siRNAs) that selectively inhibited HDAC11 expression, significantly
up-regulated OX40L, and induced apoptosis in Hodgkin lymphoma (HL) cell lines.
Silencing HDAC11 increased the production of tumor necrosis-α (TNF-α) and IL-17 in the
supernatants of HL cells. HDAC inhibitor study in human cell lines identified that
HDAC11 plays an essential role in regulating OX40 ligand expression in Hodgkin
lymphoma (Buglio et al., 2011). Protein "Eiger" is the close homolog for OX40L in T.
castaneum. Drosophila eiger (egr) encodes the TNF superfamily ligand that activates the
intracellular JNK pathway, which mediates cell death, tumor suppression, and growth
regulation (Igaki et al., 2002; Shklover, Levy-Adam, & Kurant, 2015). Our studies revealed
that HDAC11 is essential for survival, and RNAi mediated knockdown induce
developmental arrest and mortality.
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HDAC11 regulates oligodendrocyte-specific gene expression and cell development
in the cell line of rats by deacetylation of histone H3K9/K14 (H. Liu, Hu, D'Ercole A, &
Ye, 2009). Our western blots analysis showed that HDAC11 regulates acetylation levels of
H3, specifically H3K9, H3K18, and H3K27. As demonstrated for HDAC1 in T. castaneum
(George et al., 2019), HDAC11 may also influence acetylation levels of histones,
especially H3, and regulate promoter access and, consequently, the expression of genes
involved in JH and 20E action and response. In conclusion, we showed that HDAC11
knockdown affects hormone action and melanin biosynthesis and thereby arrest in
development and metamorphosis of the red flour beetle, T. castaneum (Fig. 4.8).
Supplementary material
Supplementary material for this article is available as Additional file 3-RNA-seq
data-dsHDAC11.
Data accessibility:
We have deposited the short-read (Illumina HiSeq 4000) sequence data in the NCBI
SRA (accession numbers PRJNA495026, PRJNA612004). BioSample metadata are
available in the NCBI BioSample database (http://www.ncbi.nlm.nih.gov/biosample/)
under

accession

number

SAMN10203356,

SAMN14356367).
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Table 4.1 List of primers used in HDAC11 study.
Gene
Primer
TcdsHDAC11F TAATACGACTCACTATAGGGATTGTTGCGGTAGCAAAGGTGGTG
TcdsHDAC11R TAATACGACTCACTATAGGGTCGTCTTCGGTAAAGTGTGCCAGT
TcqHDAC11F CACACTTTACCGAAGACGACGAGT
TcqHDAC11R AGTTCATCCCGTTCGATGATTCCC
Tcq011468F

GTTTGCAGTTGGGACGAATG

Tcq011468R

TTCGTCTTGCTGGGTTGAG

Tcq003972F

GTGAGGAGTGATAGCGTTGTT

Tcq003972R

AGAGACAGGGTGTCCATAGAG

TcqHSP90F

GCGCTAAGTGAAGAGCTAAGA

TcqHSP90R

ATGCACACACGAACAAATCAC

Tcq4EBPF

ATCACCGATGGCAAGACAAGTGAC

Tcq4EBPR

ATGGCAGTTCAGAAGGGTCGTTGA

TcqG13402F

ACTGTGCCGAGTTTAGGA

TcqG13402R

GAATGCCAGTGGGTCAGG

TcqCBPF

GGTCCCGATGGTAAGAAGAAAG

TcqCBPR

CCGAGAGATCATTACCCGTTTG

TcqE93F

CTCTCGAAAACTCGGTTCTAAACA

TcqE93R

TTTGGGTTTGGGTGCTGCCGAATT
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Table 4.2 Summary statistics of RNA-sequencing output of dsHDAC11
A. Run Summary
Lane

PF* Yield (bp)

Number of
PF* Clusters**

Q30%

Average
Quality
Score

7

15,963,128,520

313,002,520

95.64

39.04

* PF: Passed Filter. ** For single-read sequencing (SR), number of
reads = number of clusters.
B. Read count statistics
Samples
Read Count
Single, mapped %

Reverse % of
reads mapped

MalE-1

12,545,282

51.11

80.56

MalE-2

16,562,495

45.23

82.45

HDAC11-1

12,086,140

46.21

79.14

HDAC11-2

9,267,486

51.73

80.99
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Table 4.3 Expression changes of select genes involved in hormone action/response
identified after RNA-seq analysis of dsHDAC11
Gene
Gene description
HDAC11
symbol
Fold Changea

P-valueb

Kr-h1

Krüppel homolog 1

4.68

0.00

LOC655028

ecdysone-induced protein 74EF

2.03

0.00

EcR

ecdysone receptor

2.18

0.03

Tcjheh-r1

juvenile hormone epoxide hydrolase-like
protein 1

28.14

0.01

Tcjheh-r2

juvenile hormone epoxide hydrolase-like
protein 2

2.03

0.01

Tcjheh-r5

juvenile hormone epoxide hydrolase-like
protein 5

2.40

0.00

LOC661705

Phosphoenol pyruvate carboxykinase
[GTP]

3.14

0.00

LOC659239

Krueppel homolog 2

3.87

0.00

TcSRC

nuclear receptor coactivator 1

2.24

0.02

LOC660434

broad-complex core protein isoform 6-like

2.59

0.02

LOC658929

nuclear hormone receptor FTZ-F1

2.03

0.04

USP

ultraspiracle nuclear receptor

2.08

0.00

LOC664565

CREB-binding protein

7.73

0.00

LOC660626

Hairy

9.325

0.00

LOC658656

Apterous A

4.67

0.00

a

Experiment - Fold Change (normalized values)

b

Baggerley's test: normalized values
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Table 4.4 Significantly up-regulated JH action/response genes in HDAC11
knockdown
Gene symbol
Gene description
JH
dsHDAC11
Fold
change

Pvalue

Fold
change

Pvalue

LOC660562

rho GTPase-activating
protein 100F

115.45

0.020

29.80

0.002

Kr-h1

Krüppel-homolog 1

29.91

0.000

4.68

0.000

LOC662658

4-hydroxyphenylpyruvate
dioxygenase

3.46

0.000

4.01

0.000

LOC100141923 sodium-coupled
monocarboxylate transporter
2-like

202.63

0.004

3.82

0.014

LOC660154

projectin

13.63

0.030

3.68

0.000

LOC659434

fibroblast growth factor
receptor homolog 1

95.55

0.030

3.63

0.000

LOC661127

uncharacterized LOC661127

4.02

0.030

3.38

0.000

LOC107398485 sodium-independent sulfate
anion transporter-like

4.28

0.030

3.21

0.004

LOC658154

8.08

0.001

2.90

0.012

LOC100142605 ankyrin-3

2.90

0.008

2.38

0.007

LOC103314138 voltage-dependent T-type
calcium channel subunit
alpha-1G

6.85

0.020

2.14

0.000

alpha-2C adrenergic receptor
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Table 4.5 Zn-Finger-COG5048 domains identified among HDAC11 regulated genes
Fold
Gene Symbol Locus tag
Gene description
change
P-value
LOC658487

zinc finger protein GLIS2
TC000326 homolog

2.49

0.00

LOC659757

TC031695 zinc finger protein Gfi-1

6.19

0.00

Kr-h1

TC012990 Kruppel homolog 1

4.68

0.00

LOC660309

TC006125 Krueppel-like factor 8

2.23

0.00

Pho

TC015577 pleiohomeotic

3.69

0.00

LOC662411

TC015048 zinc finger protein 184

2.92

0.04

3.99

0.05

3.11

0.01

8.52

0.03

LOC103313120
LOC103314758
LOC107397979

zinc finger protein OZF
TC033495 zinc finger protein ZFP69
gastrula zinc finger
protein XlCGF26.1-like
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Table 4.6 Genes associated with melanin biosynthesis in insects and showed an
increase in HDAC11 knockdown larvae
Gene
Fold
Gene description
Locus Tag
P-value
symbol
Change
Ddc

dopa decarboxylase

TcasGA2_TC013480

4.457

0.000

Dat

dopamine N
acetyltransferase

TcasGA2_TC008204, Nat

2.499

0.000

Lac1

laccase 1

TcasGA2_TC000821, TcLac1

2.362

0.000

Th

tyrosine hydroxylase

TcasGA2_TC002496

3.394

0.000

Y-2

yellow-2

TcasGA2_TC003539

4.966

0.000
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A

B

C

Figure 4.1 TcHDAC11 catalytic domain and phylogeny.

(A) Schematic representation of the TcHDAC11 with the catalytic domain marked. The
amino acid length is written at the end. The data represented here for this figure is obtained
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from NCBI (Geer, Domrachev, Lipman, & Bryant, 2002). (B) Phylogenetic tree
demonstrating the relationship between various T. castaneum HDAC classes. The
evolutionary HDACs tree was inferred using the Neighbor-joining method. Evolutionary
analyses were conducted in MEGA7 (Kumar et al., 2016). The tree was drawn to scale,
with branch lengths and the evolutionary distances used to infer the phylogenetic tree as
the same units. Different HDACs in T. castaneum were described in (George et al., 2019).
(C) Comparison between the T. castaneum full-length HDAC11 amino acid sequence with
D. melanogaster and human HDAC11 amino acid sequences by Clustal2.1 (Raghava &
Barton, 2006).
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A

a

b
Control larva
(dsmalE)

dsHDAC11 injected larvae

c
Melanization of the dsHDAC11 injected larva

B

Figure 4.2 Phenotypes and mortality caused by dsRNA mediated knockdown of
HDAC11 in T. castaneum.

A) a) Control larvae injected with dsmalE pupated and later emerged as healthy adults. b)
dsHDAC11 was injected into the newly molted last instar larvae. Phenotypes were
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photographed on the fifth day after injection. Knockdown of the HDAC11 gene affected
larval development resulting in pigmentation, growth retardation, and mortality. c) Light
microscopic images of melanization in HDAC11 knockdown larvae. A high degree of hard
melanization was detected inside the body. (B) 40% of pupal and 80% adult mortality were
observed after injection of dsHDAC11 into day 0 pupae and adults, respectively. *
indicates the treatments that are significantly different from control, P £ 0.05 by t-test.
Mean ± SE (n = 30) are shown.
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A

B

C

Figure 4.3 Developmental expression profile and JH induction of HDAC11 in T.
castaneum determined by RT-qPCR.

(A) HDAC11 mRNA levels were determined during the penultimate, last larval, and pupal
stages at 24 h intervals. Total RNA was isolated from a pool of two larvae for each
replication and subjected to RT-qPCR analysis to determine the relative mRNA levels. The
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HDAC11 mRNA levels were normalized using RP49. Results expressed as Mean ± SE
(n=4). Levels not indicated by the same letter are significantly different. (B) JH suppresses
the expression of HDAC11 in T. castaneum larvae and TcA cells. S-Hydroprene (JH
analog) dissolved in cyclohexane was topically applied to 48 h old last instar larvae (0.5
µL of 2 µg/µL). Total RNA was isolated from larvae collected at 6 h after dsRNA treatment
and subjected to RT-qPCR. Similarly, TcA cells were treated with 10µm of JH III in
DMSO or DMSO alone for 6 h. The expression of the JH response gene Kr-h1 was
significantly induced, and HDAC11 was suppressed. Mean ± SE (n=4) are shown. *
indicates treatments that are significantly different from the control, P £ 0.05 by t-test. (C)
Met is required for suppression of HDAC11 by hydroprene. dsMet or dsmalE was injected
into day 0 last instar larvae. At 48 h after injection, the larvae were treated with hydroprene.
Total RNA isolated from larvae was used to quantify Kr-h1, HDAC11 and, Met mRNA
levels. The data shown are mean ± SE (n=4). Means with the same letter are not
significantly different from each other. C, cyclohexane; H, hydroprene.
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Figure 4.4 HDAC11 knockdown in the last instar larvae of T. castaneum affects the
expression of genes involved in JH action and response.

The knockdown of HDAC11 in newly molted last instar larvae caused an up-regulation of
genes involved in JH action (SRC, CBP) and JH response (Kr-h1, 4EBP, G13402).
dsHDAC3 or dsmalE was injected into newly molted last instar larvae. Total RNA was
extracted at 12 h after treatment, and the mRNA levels of JH-response genes (Kr-h1, 4EBP,
G13402), genes involved in JH action (Met, SRC, CBP), HSP90 and Actin were quantified.
Mean ± SE (n=4) are shown. * indicates treatments that significantly different from control,
P £ 0.05 by t-test.
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A

D

B

C

Figure 4.5 HDAC11 knockdown in the last instar larvae of T. castaneum affects the
transcription of genes involved in multiple pathways.

(A) Heatmap of RNA-seq data. The heatmap of normalized mean expression values of
1913 differentially expressed genes (≥ 2- fold and a P £ 0.05) between dsmalE and
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dsHDAC11 treated insects. (B) Differentially expressed genes identified after HDAC11
knockdown represented as the volcano plot. The X and Y-axis represent the -log10 P- values
and log2 fold change of mean normalized values, respectively. The red dots indicate the
genes that showed a ≥ 2- fold difference in expression with a P £ 0.05. (C) The WEGO
analysis identified enrichment of nucleic acid binding, developmental process,
pigmentation, and regulation if biological process. The WEGO histogram shows the
number and percent of genes in the cellular component, molecular component, and
biological function ontology classification group for T. castaneum transcriptome and 1913
differentially expressed genes in HDAC11 knockdown larvae. The Blast2GO PRO-plugin
software was used for the functional annotation of the transcripts. (D) RNA-seq data is
verified and compared with RT-qPCR represented as a stacked bar graph. RT-qPCR
confirmed the expression of 20 selected genes from the up-regulated group.
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A

B

Figure 4.6 RT-qPCR validation of RNA-seq data in Tribolium larvae and TcA cells.

(A) RT-qPCR verifies differentially expressed genes predicted by RNA-seq analysis. Total
RNA was extracted at 12 h after injection was used to quantify mRNA levels. Mean ± SE
of four replications is shown. * indicates treatments that significantly different from
control, P £ 0.05 by t-test. (B) TcA cells were treated with dsHDAC11 or dsmalE. Total
RNA was extracted 72 h after dsRNA treatment was used to quantify mRNA levels. Mean
± SE of four replications is shown. * indicates treatments that significantly different from
control, P £ 0.05 by t-test.
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castaneum.

dsHDAC11

HDAC11 knockdown affects acetylation levels of histone H3 in T.

(A) The total protein extracted from dsHDAC11 or dsmalE injected larvae were resolved
on SDS-PAGE gels, transferred to western blots, and probed with antibodies recognizing
Acetyl-Histone H3 (Antibody Sampler Kit # 9927-Cell Signaling (H3K9, H3K14, H3K18,
H3K27, and H3K56). ß-actin served as a loading control. The HRP-linked IgG (#7074127

Cell Signaling) was used as a secondary antibody. Band density was determined by ImageJ software and normalized with loading control protein-ß-Actin. (B) Acetylated-Lysine
(Ac-K2-100) MultiMabTM Rabbit mAb mix #9814 was used to detect proteins posttranslationally modified by acetylation. Proteins extracted from TcA cells exposed to
dsHDAC11 showed an increase in acetylation of core histone H3, H2, and H4. The lysine
acetylation status of histone H3K9, H3K18, and H3K27 increased in HDAC11 knockdown
cells.
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Figure 4.8 Schematic representation of HDAC11 action in the red flour beetle.

(A) RNA sequencing and RT-qPCR analysis showed that knockdown in HDAC11 affects
the expression of JH and 20E response genes as well as those coding for proteins involved
in the action of these two hormones. Since both JH and 20E play critical roles in larval
development and metamorphosis, HDAC11 may have blocked larval development and
metamorphosis by affecting the action of these two hormones. (B) The GO terms for
pigmentation is significantly enriched in HDAC11 knockdown samples compared to the
control. RNA-seq data showed that the genes coding for enzymes (Tyrosine hydrolase,
Ddc, Yellow-2, Laccase 1, Dopamine N acetyltransferase) involved in insect melanin
biosynthesis are up-regulated. (C) RNAi mediated knockdown of HDAC11 induces
mortality in larvae, pupae, and adults. Mortality factor 4-like protein 1 (TC011468) and
129

apterous A (TC003972) were identified as differentially expressed genes in HDAC11
knockdown larvae. (D) HDAC11 knockdown increased in acetylation levels of histones
H3, especially H3K18 and H3K27.
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CHAPTER 5. N (ALPHA) ACETYLTRANSFERASE 40 REGULATES TRANSCRIPTION OF
ECDYSONE RESPONSE GENES IN THE RED FLOUR BEETLE, TRIBOLIUM CASTANEUM
Summary
N-terminal acetylation is a ubiquitous protein modification conserved from yeast to
human. RNAi-mediated knockdown studies of histone acetyltransferase (HAT) genes
identified several HATs that are essential for T. castaneum development and
metamorphosis. Among them, knockdown of N (alpha) acetyltransferase 40, NAA40
(TC015921) arrested larval development, and the larvae injected with dsRNA targeting
NAA40 died during the prepupal stage. Developmental profiles of NAA40 mRNA showed
increases at the later stages of the last instar larvae and early pupal stage. Ecdysteroid, 20hydroxyecdysone (20E) induced NAA40 expression in TcA cells. Knockdown of NAA40
during the final instar larvae suppressed the expression of genes coding for
proteins involved in ecdysone action. Sequencing followed by differential gene expression
analysis of RNA isolated from dsNAA40 and dsmalE (dsRNA targeting malE gene,
control) identified 407, 639, 723 differentially expressed genes at 24, 72 and 120 h after
dsRNA injection respectively. The expression of 20E response genes was down-regulated
after the NAA40 knockdown. Furthermore, western blots showed a decrease in acetylation
levels of Histone H4 in NAA40 knockdown larvae when compared to those in control
larvae injected with dsmalE. Together, these data suggest that NAA40 affects the
acetylation of histone H4, resulting in a change in chromatin status and expression of genes
involved in 20E response that regulate development and metamorphosis.
Keywords: Epigenetics, HATs, RNAi, NAA40, Ecdysone, Histone H4, Histone H2A

Introduction
Genetic material, DNA is wrapped around core histone proteins to form a highly
organized chromatin, which affects replication and transcription of DNA (Williamson &
Pinto, 2012). Co-translational and post-transcriptional modifications of histones impact
chromatin folding and consequently affect promoter access and gene expression (N. Javaid
& S. Choi, 2017; Starheim, Gevaert, & Arnesen, 2012). Among the protein modifications,
acetylation plays a crucial role in the epigenetic regulation of gene expression. N-terminal
acetylation is a widespread protein modification that plays a crucial role in multiple
biological processes catalyzed by the N-terminal acetyltransferases (NATs) (Goetze et al.,
2009; Starheim et al., 2012). N-terminal acetyltransferases transfer acetyl group from
acetyl-coenzyme A (Ac-CoA) to specific a/e amino acid residues. Acetyltransferases are
categorized based on structural and functional similarities of the catalytic domain. For
example, the lysine acetyltransferases (KATs) add an acetyl moiety to the e-amino group
of lysine residues in histones and proteins (Marmorstein & Zhou, 2014; X. J. Yang & Seto,
2007). The GCN5 N-acetyltransferases (GNAT) catalyze the transfer of an acetyl group
from Ac-CoA to various primary amine substrates, including histones (Roth, Denu, &
Allis, 2001).
N (alpha) terminal acetylation is another ubiquitous protein modification conserved
from yeast to human, which has a widespread biological role, including protein
degradation, apoptosis, and cell survival (Arnesen et al., 2009; Hwang, Shemorry, &
Varshavsky, 2010; Pavlou & Kirmizis, 2016; Starheim et al., 2012; Yi et al., 2011). N-aacetyltransferases mediate the transfer of the acetyl group from acetyl-coenzyme A to the
a-amino group of the first amino acid residue of a protein or peptide. In humans, six NATs
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(NatA- NatF) have been identified to date, which differs in subunit composition, substrate
preferences, and phenotypes induced (Starheim et al., 2012; Van Damme, Arnesen, &
Gevaert, 2011). NATs are essential for normal development and play an indispensable role
in proteasome localization, hormone regulation, organelle structure, and function (Drazic,
Myklebust, Ree, & Arnesen, 2016).
In Drosophila melanogaster alteration in the expression levels of genes, enoki
mushroom (Scott, Lee, & Luo, 2001), nejire (Hundertmark, Gartner, Rathke, & RenkawitzPohl, 2018; Takaesu, Johnson, Sultani, & Newfeld, 2002), chameau (Grienenberger et al.,
2002) and gcn5 (Carre et al., 2005) coding for histones modifying enzymes cause
developmental defects and blocks metamorphosis regulated by ecdysteroids (20hydroxyecdysone, 20E is the most active form). Genes coding for enzymes involved in
ecdysteroid biosynthesis pathway are regulated by the dATAC histone acetyltransferase
complex (Pankotai et al., 2010). dATAC HAT complex might play a dual regulatory role
in D. melanogaster steroid hormone biosynthesis through the acetylation of Ftz-f1 protein
and the regulation of H4K5 acetylation at the promoters of Halloween genes (Borsos et al.,
2015). Intrinsic epigenetic factors cooperate with the steroid hormone ecdysone to govern
dendrite pruning in D. melanogaster (Kirilly et al., 2011a). Acetylation of lysine 27 of
histone H3 is localized to the promoters of ecdysone-induced genes and influences their
expression (Bodai et al., 2012b).
The CREB-binding protein (CBP) was shown to function in post-embryonic
development and metamorphosis by regulating the expression of Kr-h1, BR-C, and E-93
in T, castaneum (Roy et al., 2017), Blatella germanica (Fernandez-Nicolas & Belles,
2016). Recent studies from our lab suggest that acetylation and deacetylation mediated by
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histone acetyltransferases and histone deacetylases play an essential role in insect hormone
action in the red flour beetle (Roy et al., 2017; Roy & Palli, 2018; Xu et al., 2018). The
main goal of this study is to identify acetyltransferases required for growth, development,
and metamorphosis using T. castaneum as a model organism. We performed RNAi
mediated gene knockdown studies of histone acetyltransferase and identified multiple
HATs that are required for the growth and development of T. castaneum. Among them, we
identified one interesting gene, TC015921 (NAA40), that is not well studied based on a
literature review (Table 5.1). The NAA40 gene knockdown showed severe phenotypes,
arrest in larval development, and mortality during metamorphosis. Studies on this gene
function showed that NAA40 plays an important role in the 20E regulation of development
and metamorphosis in T. castaneum.

Materials and methods
Insect strains
The North American Georgia strain GA-1 (Haliscak & Beeman, 1983) of the red
flour beetle T. castaneum (Herbst) was used in experiments. The beetles were reared as
described previously (George et al., 2019).
Cell culture
T. castaneum cell line, BCIRL-TcA-CLG1 (TcA) established from a co-culturing
adult, and pupal tissues were obtained from Dr. Goodman (C. L. Goodman et al., 2012).
These cells were maintained in EX-CELLÒ 420 media (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% FBS (VWR Seradigm Fetal Bovine Serum, Radnor, PA) and 1
µg/ml antibiotic in 5 ml sterile flask at 28°C.
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Hormone treatments
Technical grade 20-Hydroxyecdysone (20E, Sigma-Aldrich) was dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich) to a final concentration of 10 mM. Similarly,
synthetic juvenile hormone JH III (Sigma-Aldrich) was dissolved in DMSO to 10 mM.
Pre-seeded cells were exposed to 10 µm 20E or JH III for six hours. The control cells were
treated with the same volume of DMSO. Total RNA was isolated using the Tri reagent-RT
(Molecular Research Center Inc., Cincinnati, OH) and used to quantify the expression of
the NAA40 gene using RT-qPCR. S-Hydroprene (Ethyl 3, 7, 11-trimethyl-2, 4dodecadienoate) from Sigma-Aldrich, a juvenile hormone (JH) analog dissolved in
cyclohexane to 2 µg/µl was used for larval topical application at the rate of 0.5 µl of 2
µg/µl. The same volume of cyclohexane was applied as the control.
Gene expression analysis
Total RNA was extracted from treated and control insects using TRI reagent-RT.
cDNA was synthesized from 2 µg of RNA samples using M-MLV reverse transcriptase
(Invitrogen, USA) in a 20 µl reaction as per manufacturer’s instruction. The expression
analyses of the target genes were conducted using iTaq Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA) in Applied Biosystems StepOnePlus Real-time PCR instrument.
The qPCR mixture contained 2 µl of diluted cDNA (1:5), 0.4 µl gene-specific primer mix,
2.6 µl nuclease-free water, and 5 µl SYBR green in a 10 µl final volume. The qPCR cycling
conditions were: initial holding stage 95ºC (20 s), followed by 40 cycles of denaturation at
95ºC (5 s), annealing, and extension at 60ºC (30 s) along with melting curve. The relative
mRNA levels were calculated using RP49 as a reference gene.
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dsRNA mediated knockdown of genes
Genomic DNA or cDNA was used as a template for amplifying target genes. Gene
fragments (300-500 bp) were amplified using gene-specific primers (Table 5.2) containing
T7 promoter sequences at the 5’ end. MEGAscript T7 kit (Invitrogen, USA) was used for
dsRNA synthesis after purifying the PCR product following the instruction manual.
Control insects were injected with dsRNA for maltose-binding protein E. coli (malE) gene.
RNA-seq analysis
The detailed description of the method followed is explained in previous papers
from our lab (Kalsi & Palli, 2017; Roy et al., 2017). The pooled libraries were sequenced
using the Illumina Hiseq 4000 sequencer at Duke University Sequencing and Genomic
Technologies (NC, USA). The sequences from this study were deposited into NCBI
archive with an accession number PRJNA612693. Raw reads were demultiplexed,
trimmed, and transcripts were mapped back to the T. castaneum reference genome
(assembly Tcas5.2) following the CLC genomic workbench pipeline (Version 11.0.1) for
the analysis and visualization of data. Differentially expressed genes were identified and
filtered to transcripts ≥ 2-fold change and the P-value cutoff ≤ 0.05. Gene ontology analysis
was done by Web Gene Ontology Annotation Plot (WEGO) (Ye et al., 2006). Venny 2.1.0
was used for comparing lists using Venn diagrams (Sun et al., 2019).
Western blot analysis
Protein isolation procedure was described previously (George et al., 2019; Roy et
al., 2017). Anti-Ac-Histone H4 (E-5): sc-37520 (Santa Cruz Biotechnology, Inc. Dallas,
TX) mouse monoclonal antibodies were used to detect proteins post-translationally
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modified by acetylation. This antibody is recommended for the detection of Ser1, Lys 5,
Lys 8, and Lys 12 acetylated Histone H4 by western blots. Mouse IgG kappa binding
protein (m-IgGk BP) (sc-516102) (Santa Cruz Biotechnology, Inc. Dallas, TX) conjugated
to Horseradish Peroxidase (HRP) was used as the secondary antibody. The blots were
developed by incubating in chemiluminescence reagent, SupersignalTMWest Femto
Maximum sensitivity Substrate (ThermoFisher, IL), and then visualized the proteins using
a standard protocol. The band density was determined by Image-J software and normalized
with loading control protein, ß-Actin.
Statistical analysis
JMP Pro 14 was used to compare treatment means using a t-test.

Results
Identification of acetyltransferases genes in the red flour beetle, T. castaneum.
Based on subcellular localization, histone acetyltransferases can be divided into
two different classes; Type A HATs, located in the nucleus, and type B HATs, located in
the cytoplasm. Some HATs proteins function in multiple locations, and it is challenging to
classify them into a specific class. Acetyltransferases can also be categorized based on
structural and functional similarities of their catalytic domains. Lysine acetyltransferases
(KAT) are one of the chromatin-modifying gene groups based on the HUGO Gene
Nomenclature Committee (HGNC) (Yates et al., 2017) and FlyBase release (FB2020_01).
Fourteen genes coding for KATs were identified in T. castaneum (Table 5. 3). Four of the
KATs identified contained the MYST type domain. This group includes two KATs, CREB
binding protein (CBP) and steroid receptor coactivator (SRC) that play important roles in
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hormonal regulation of development and metamorphosis in T. castaneum (Roy et al., 2017;
Roy & Palli, 2018; Xu et al., 2018; Z. L. Zhang et al., 2011). Among the other KATs, the
knockdown of Transcription initiation factor TFIID subunit 1 (TAF1) caused 100% larval
mortality after ten days (Fig. 5.1 A). Also, growth and developmental defects and mortality
were detected in larvae and pupae developed from larvae injected with dsESCO1/2, ELP3
(Elongator complex protein 3), dsATAT1 (Alpha-tubulin N-acetyltransferase 1), dsKAT14
(Atac2, Cysteine-rich protein 2-binding protein) and dsKAT5 (Tip60) (Fig. 5.1 B).
Eleven genes were identified from the N-terminal acetyltransferases (NAT) group.
Severe developmental defects and 100% larval mortality were observed in larvae injected
with dsRNA targeting NAA10, NAA40, NAT10 (RNA cytidine acetyltransferase), and
NAA50 (Probable N-acetyltransferase, san) (Fig. 5.2 A, B and Table 5.4). Similarly,
developmental defects, and mortality were detected in larvae and pupae developed from
larvae

injected

with

dsGNPNAT1

(Probable

glucosamine

6-phosphate

N-

acetyltransferase), dsNAA20 (N-alpha-acetyltransferase 20), dsNAA30 (N-alphaacetyltransferase 30) and dsSATL1 (Diamine acetyltransferase 2). Four genes were
identified in the N (alpha)-acetyltransferase (NAA) subunits group. Knockdown of
NAA16 induced an arrest in larval growth and 60% larval mortality. (Fig. 5.3 A, B and
Table 5.5). Besides, developmental defects, and mortality were detected in larvae and
pupae developed from larvae injected with dsNAA25 and dsNAA35 compared to dsmalE
injected larvae.
NAA40 is essential for larval development and larval-pupal metamorphosis
To investigate the role of NAA40 during development and metamorphosis, we
injected dsNAA40 or dsmalE into the newly molted last instar larvae. The control larvae
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injected with dsmalE pupated by 5-6 days after treatment (Fig 5.1 Bg) and later emerged
as normal adults.
In contrast, dsNAA40 injected larvae did not pupate even at eight to nine days after
dsRNA injection. At nine days after injection of dsNAA40, 50% of insects did not develop
a dorsal split, but a white larval cuticle was detected after the removal of the old cuticle
(Fig. 5.4 a) (Newly molted last instar larva was shown in Figure 5.4 b). Remaining 50% of
the larvae showed dorsal split with white larval-pupal intermediate inside cuticle (Fig. 5.4
c), which has the pupal and adult structure (Fig. 5.4 d). The head capsule size of the two
groups of larvae is not significantly different, suggesting that both groups of larvae in the
final instar stage (Fig. 5.4 e). NAA40 injected penultimate larvae showed dorsal split after
six days (Fig. 5.4 f), and some larvae molted into the last instar and then developed larval
arrest phenotypes, as shown in Figure 5.4, at 13 days after injection of dsRNA. Also, when
dsNAA40 was injected into the newly formed pupae, the pupal development was arrested
(Fig. 5.4 g).
Developmental expression profile and hormone induction of NAA40
Since NAA40 showed severe developmental delay and phenotype, we determined
the expression profile of this gene during larval and pupal stages. The NAA40 mRNA
levels increased gradually from the penultimate larval stage and reached the maximum
levels by 24 h after pupal ecdysis (Fig. 5.5 A). Then the NAA40 mRNA levels decreased
to reach the minimum levels by the end of the pupal stage. This expression pattern
correlates with the ecdysteroid titers in T. castaneum (Parthasarathy, Tan, Bai, et al., 2008).
Therefore, the 20E response of the NAA40 gene was tested using the Tribolium cell line
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(TcA). Treatment of TcA cells with 10 µm of 20E for six hours showed an increase in
NAA40 mRNA levels when compared to those in TcA cells treated with DMSO (Fig. 5.5
B). In contrast, JH III did not induce the expression of the NAA40 gene. To determine
whether the ecdysone receptor, EcR, is required for 20E induction NAA40, the TcA cells
were exposed to dsEcR or dsmalE before treatment with 20E or DMSO. As expected,
NAA40 mRNA levels increased in TcA cells treated with 20E but not in EcR knockdown
cells treated with 20E (Fig. 5.5 C). These data suggest that EcR is required for the 20E
induction of the NAA40 gene.
Knockdown of NAA40 results in a decrease in expression of 20E-response genes
Since 20E induces the expression of NAA40, we wanted to determine the effect of
knockdown on the expression of ecdysone-response genes. Newly molted last instar larvae
were injected with dsRNA targeting NAA40, and the larvae were collected at 24 h intervals
up to five days or until pupation of control larvae. Total RNA isolated from these larvae
were used in RT-qPCR to determine mRNA levels of NAA40 and ecdysone-response
genes. The mRNA levels of ecdysone receptor EcRA, ecdysone induced genes-E93, broad
complex BR-C, ecdysone-inducible hormone receptor 3 (HR3) and Kr-h1 decreased by
90% at 24, 48, 72, 96, and 120 hours after treatment when compared to their levels in
control larvae injected with dsmalE (Fig. 5.6) These data suggest the possible role of
NAA40 in 20E action. Also, similar results were obtained when day one last instar larvae
were injected with dsNAA40, and the mRNA levels of 20E-response genes were
determined at 48 hr after the injection of dsRNA (Fig. 5.7. A). To determine developmental
changes in 20E-response genes in dsNAA40 injected larvae, the mRNA levels of these
genes were measured on 3, 6, 9, and 12 days after dsRNA injection. The control insects
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pupated in five-six days after injection. Interestingly, a significant decrease in E93, BR-C,
and EcRA mRNA levels were detected on the 9th and 12th day after dsNAA40 treatment
(Fig. 5.7. B). This reduction in the expression of E93, BR-C, and EcRA may be responsible
for the failure of dsNAA40 treated larvae to complete larval-pupal metamorphosis.
To identify other genes affected by NAA40, we sequenced RNA isolated from
NAA40 knockdown and control insects. We decided to sequence samples isolated from
larvae at 24 h, 72 h, and 120 h after injection. Run summary and read count statistics are
shown in Table 5.6, and 90% of the reads were mapped to the T. castaneum reference
genome. Analysis of RNA-seq data identified 407 differentially expressed genes (DEGs)
between 24 h dsNAA40- and 24 h dsmalE-treated larvae with a cut off ≥ 1.5 fold and Pvalue ≤ 0.05 (Additional file 4 RNA-Seq data dsNAA40). Among 407 DEGs, 40% (163)
of these genes are up-regulated, and 60% (244) are down-regulated. In Figure 5.8A, the
overall pattern of DEGs is represented as a heatmap. Web-based GO analysis of differently
expressed genes showed enrichment of GO terms for biological regulation, metabolic
process, and binding (Fig. 5.8 B). Volcano plot with red dots indicating statistically
significant genes after the EDGE test between treatment and control (Fig. 5.8. C).
Analysis of RNA-seq data identified 639 differentially expressed genes (DEGs)
between 72 h dsNAA40- and 72 h dsmalE-treated larvae with a cut off ≥ 1.5-fold and Pvalue ≤ 0.05 (Additional file 4 RNA-Seq data dsNAA40). Among 639 DEGs, 55% (353)
of these genes are up-regulated, and 45% (286) are down-regulated. In Figure 5.9 A, the
overall pattern of DEGs is represented as a heatmap. Web-based GO analysis of differently
expressed genes showed enrichment of GO terms for the developmental process, regulation
of the biological process, cellular process, and binding (Fig. 5.9 B). Volcano plot with red
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dots indicating statistically significant genes after the EDGE test between treatment and
control (Fig. 5.9 C).
Analysis of RNA-seq data identified 723 differentially expressed genes (DEGs)
between 120 h dsNAA40- and 120 h dsmalE-treated larvae with cut off ≥ 1.5 fold and Pvalue ≤ 0.05 (Additional file 4 RNA-Seq data dsNAA40). Among 723 DEGs, 46% (331)
of these genes are up-regulated, and 54% (392) are down-regulated. In Figure 5.10 A, the
overall pattern of DEGs is represented as a heatmap. Web-based GO analysis of differently
expressed genes showed enrichment of GO terms for the regulation of the biological and
cellular processes, metabolic process, and binding (Fig. 5.10 B). Volcano plot with red dots
indicating statistically significant genes after the EDGE test between treatment and control
(Fig. 5.10 C). We identified 38 DEGs common among different time points of RNA-seq
analysis and represented as Venn diagram (Fig. 5.11), and for the gene information, see
Additional file 4 RNA-Seq data dsNAA40.
NAA40 modulates acetylation levels of Histone H4
Total proteins were isolated from the dsNAA40-treated last instar larval tissues/
TcA cells and subjected to the western blot assay using the Anti-Ac-Histone H4 antibody,
which can prove detection of Ser1, Lys 5, Lys 8 and Lys 12 acetylated Histone H4 of broad
species. Decreased acetylation levels were observed in dsNAA40 treated larvae/cells
compared to the levels in dsmalE treated insects. Band density was quantified by Image-J
software and normalized with loading control protein, ß-Actin, and represented as fold
change (Fig. 5.12). These data suggest that histone H4 is one of the targets for NAA40.

142

T. castaneum NAA40 protein structure
NAA40 is an evolutionarily conserved gene and expressed universally (Figure 5.13
A, Table 5.1), a member of Gcn5-related N-acetyltransferase (GNAT) superfamily that
comprises acetyl-coenzyme A (Ac-CoA) recognition and binding motif, R/QXXGXG/A
(where X can be any amino acid) (Hole et al., 2011; Salah Ud-Din, Tikhomirova, &
Roujeinikova, 2016) that are widely present in the animal kingdom. T. castaneum Ac-CoA
binding domain consists of the QRKGLG amino acid sequence, whereas D. melanogaster
and Human Ac-CoA binding domain consist of the RRKGLG amino acid sequence (Fig.
5.14). T. castaneum NAA40 open reading frame consists of 251 amino acid residues with
a molecular mass of 29.33 kDa and one catalytic domain (data collected from NCBI
conserved domain architecture retrieval tool) (Geer et al., 2002). Comparison between the
T. castaneum full-length NAA40 amino acid sequence with those from D. melanogaster
and human NAA40s amino acid sequences showed 35.68 and 50.86 percent amino acid
identity, respectively (Fig. 5.15).

Discussion
We identified orthologues of 27 HATs in the T. castaneum genome. RNAimediated knockdown of these genes identified ESCO1/2, TAF1, NAA10, NAA40, NAT10,
NAA50, and NAA16 as the genes essential for growth, development, and metamorphosis in
T. castaneum. Among the HATs studied, NAA40 showed the most severe phenotypes. The
NAA40 ortholog in humans, NATD was shown to be involved in the N-terminal
acetylation of H2A and H4 (Table 5.1). A literature search revealed that not much is known
about the function of NAA40 in invertebrates, including insects (Table 5.1). Therefore, the

143

studies reported here focused on identifying the function of NAA40 in the regulation of
growth, development, and metamorphosis in insects using T. castaneum as a model.
Knockdown of NAA40 induced severe growth retardation, development defects, and block
in metamorphosis. Some of the larval-pupal intermediate phenotypes observed in the
NAA40 knockdown are similar to the phenotypes produced by EcR knockdown reported
previously (Tan & Palli, 2008). Therefore, we hypothesized that NAA40 might have a role
in the ecdysteroid regulation of growth, development, and metamorphosis in T. castaneum.
Data on the correlation of developmental expression of NAA40 with the ecdysteroid titers,
induction of NAA40 gene expression by 20E and requirement of EcR for this induction,
increase in expression of Kr-h1 and decrease in expression of BR-C and E93 in NAA40
knockdown larvae support this hypothesis. Previous studies from our laboratory using the
model organism T. castaneum demonstrated the function of HAT, CBP, and HDAC1 in
juvenile hormone suppression of metamorphosis (George et al., 2019; Roy et al., 2017;
Roy & Palli, 2018; Xu et al., 2018). NAA40 does not seem to affect juvenile hormone
suppression of metamorphosis but is required for the ecdysteroid promotion of
metamorphosis. In T. castaneum and other insects, a decrease in JH titers and expression
of Kr-h1 allows commitment to metamorphosis and an increase in expression of genes
coding pupal specifier, BR-C, and E93 that promotes adult metamorphosis and represses
the expression of Kr-h1 and BR-C (Urena et al., 2014). Metamorphic genetic network: Krh1, BR-C, and E93 timing and expression levels regulate the proper larval-pupal-adult
transitions in holometabolous insects (Urena et al., 2016). Higher levels of Kr-h1 and lower
levels of EcRA and E93 in NAA40 knockdown larvae during larval-pupal metamorphosis
is likely reason for block in metamorphosis in these larvae.
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The NAT4 was identified in yeast and was shown to mediate the N-terminal
acetylation of Histone H4 and H2A. However, NAT4 mutants did not exhibit readily
observable phenotypes (Song, Wang, Waterborg, & Sternglanz, 2003). The T. castaneum
ortholog of NAT4 is NAA40, a GNAT family N-acetyltransferase that catalyzes the transfer
of an acetyl group from acetyl-CoA to a substrate (here H4 and H2A). The sequence of the
functionally conserved motif in NAA40 is QRKGLG (Acetyl-CoA binding motif present
in members of the GNAT superfamily). The first five amino acid sequence of histone H4
and H2A are identical (SGRGK) and are highly conserved throughout the evolution with a
few exceptions. In D. melanogaster and T. castaneum, the N-terminal amino acid of histone
H4 is threonine instead of serine in other animals. Some studies showed that N-terminal
threonine allows a more efficient protein breakdown than serine and functions as an active
site nucleophile in proteasomes (Kisselev, Songyang, & Goldberg, 2000). Histones H4 and
H2A are highly phosphorylated at their respective first serine residues (Phospho
H4S1/H2AS1) during mitosis in the worm, fruit fly, and mammalian HeLa cells (Barber et
al., 2004). The first serine or threonine residue in H4 and H2A is also amino-acetylated in
every organism tested to date except a few like Tetrahymena thermophila. Histone H4 is
among the most slowly evolving eukaryotic protein, and its role has remained constant
throughout eukaryotic evolution, the N-terminal tail of H4 is also modified extensively by
kinases, acetyltransferases, and methylases (Malik & Henikoff, 2003). Protein
modifications influence folding, stability, activity, and localization (Van Damme et al.,
2011). Interestingly, mitogen- and stress-induced kinase 1 (MSK1) protein negatively
regulates transcription via phosphorylation of H2A at serine 1, and the acetylation state of
nucleosome affects the phosphorylation reaction (Y. Zhang, Griffin, Mondal, & Parvin,

145

2004). Loss of Nat4 and its associated H4 N-terminal acetylation is part of the mechanism
that regulates stress-response genes and longevity in yeast (Molina-Serrano et al., 2016).
Since NAA40 is substrate-specific and acetylates Serine 1 of histone H4, we performed
western blots using antibodies that detects various acetylated histone H4 amino acids such
as Ser1, Lys 5, Lys 8 and Lys 12. A significant reduction of H4 acetylation levels was
detected in NAA40 knockdown larvae (Fig. 5.12). Human NAA40p (NatD) acts as a cotranslational NAT towards the N-terminal regions of the histone H2A and H4 (Hole et al.,
2011). NatD differs from other NATs in that it does not require interaction with any protein
for activity, contains only a single catalytic unit, Naa40p, and has no auxiliary subunit
(Polevoda, Hoskins, & Sherman, 2009; Starheim et al., 2012). NatD is a crucial epigenetic
modulator that promotes lung cancer progression by preventing histone H4 serine
phosphorylation and activating slug expression (Ju et al., 2017). The slug homolog for T.
castaneum is TC014474 (escargot, Esg); the mRNA levels of Esg decreased in larvae at 72
h after injection of dsNAA40. (Additional file 1-RNA-seq data dsNAA40).
NatD differs from other NATs in its requirement for an extended N-terminal region
for efficient acetylation. The substrate sequence specificity requirements for N-terminal
acetylation vary with the NATs; lie within the 2 to 8 amino acid residues, whereas 30 to
50 specific amino acids are required for NatD (Polevoda et al., 2009). The molecular basis
for substrate-specific acetylation by NatD was characterized by crystallization (Magin,
Liszczak, & Marmorstein, 2015). N-terminal acetylation of histone H4 regulates arginine
methylation and ribosomal DNA silencing (Schiza, Molina-Serrano, Kyriakou,
Hadjiantoniou, & Kirmizis, 2013). Met-aminopeptidases cleave off the N-terminal Met
leads to Nt-acetylation of the resulting N-terminal alanine, valine, serine, threonine, and
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cysteine residues by N-alpha acetyltransferases and N-terminal acetylation of cellular
protein creates specific degradation signals (Hwang et al., 2010). The activity of Naa40
maintains the balance between cell survival and cell death. There is a possibility that Naa40
influences cell survival by regulating gene expression and not through direct protein Nterminal acetylation of crucial regulators of cell growth and or apoptosis (Pavlou &
Kirmizis, 2016). NAA40 knockdown and loss of N-acH4 reduce the levels of symmetric
demethylation of histone H4 (H4R3me2s) through transcriptional down-regulation of
protein arginine methyltransferase 5 (PRMT5) (Demetriadou et al., 2019). Histone N-acH4
can be a regulator of cellular lifespan that links calorie restriction that increases stress
resistance and longevity (Molina-Serrano et al., 2016). Casein Kinase 2 phosphorylates
histone H4 and associates with the Rpd3 deacetylase complex. H4 phospho-serine 1
regulates chromatin acetylation by NuA4 complex and that this process is important for
normal gene expression and DNA repair (Utley, Lacoste, Jobin-Robitaille, Allard, & Cote,
2005). In conclusion, we demonstrated the first evidence that NAA40 plays an important
role in ecdysteroid regulation of growth, development, and metamorphosis in the model
insect, T. castaneum.
Data accessibility: We have deposited the short read (illumine Hiseq4000) data with the
following accession number: PRJNA612693
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Table 5.1 Summary of research on NAA40
Model
Gene
Target site/Proposed function
organism
symbol

Reference

Yeast

Nat4

Acetylates histones H4 and H2A

(Song et al., 2003)

Yeast

Nat 4
/NatD

N-terminal serine acetylation of
histone H4.

(Polevoda et al.,
2009)

Human

Patt1/
NAT11

Highly expressed in the liver and
has pro-apoptotic activity.

(Z. Liu et al.,
2009)

Human

hNaa40p

Characterized human
hNaa40p/hNatD, catalyzes H4 Naacetylation.

(Hole et al., 2011)

Review

NatD

Substrate specificity of NatD

(Starheim et al.,
2012)

Yeast

Nat4

N-alpha-terminal acetylation of H4
regulates Arginine methylation.

(Schiza et al.,
2013)

Review

NatD

NatD only acetylates the Ser-Ntermini of histones H2A and H4

(Kalvik &
Arnesen, 2013)

Human

NatD

H4 and H2A specific acetylation.

(Magin et al.,
2015)

Human

NAA40

Naa40 depletion induces p53independent apoptosis in colorectal
cancer cells

(Pavlou &
Kirmizis, 2016)

Acetylates specifically the S-G-Nterminus of the histones H2A and
H4

(Drazic et al.,
2016)

Review

Yeast

Nat4

N-acH4 mediates calorie
restriction-induced longevity.

(Molina-Serrano et
al., 2016)

Human/m
ouse
model

NatD

Acetylation of histone H4 serine 1,
regulation of transcription factor
Slug.

(Ju et al., 2017)

Human

NAA40

NAA40 contributes to colorectal
cancer growth by controlling
PRMT5 expression.

(Demetriadou et
al., 2019)
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Table 5.2 List of primers used in RNAi and qRT-PCR for HATs study
Gene
primer
dsTC008142F

TAA TAC GAC TCA CTA TAG GGTTGCCTCAAGTACCGAAAGAG

dsTC008142R

TAA TAC GAC TCA CTA TAG GGCTTGTGCCCAGTAACTCCTATAC

dsTC006477F

TAA TAC GAC TCA CTA TAG GGGACTCCACCTCCTGAAACTAAA

dsTC006477R

TAA TAC GAC TCA CTA TAG GGCCGCCGCACTCATACTAAA

dsTC011945F

TAA TAC GAC TCA CTA TAG GGGGAAGGAACCACCGAAGAAG

dsTC011945R

TAA TAC GAC TCA CTA TAG GGCTGACCACGGCCTTAGATTTAG

dsTC003573F

TAA TAC GAC TCA CTA TAG GGCACCAGGAATCAGAAGAGAAGG

dsTC003573R

TAA TAC GAC TCA CTA TAG GGTTGCTCTGTCGGCCATATTC

dsTC003198F

TAA TAC GAC TCA CTA TAG CATCGACCGACCAAGTGAAA

dsTC003198R

TAA TAC GAC TCA CTA TAG TGCTGCTGCTGGTAGTATTG

dsTC009742F

TAA TAC GAC TCA CTA TAG GGCGACCTACGCAACGGTAAA

dsTC009742R

TAA TAC GAC TCA CTA TAG GGGCGCCAAATACGAAGTTTCTC

dsLOC655088F

TAA TAC GAC TCA CTA TAG GACATGGCCCACCAGATATT

dsLOC655088R TAA TAC GAC TCA CTA TAG GTCCTCCAGGTCTATGAAGTTG
dsTC014774F

TAA TAC GAC TCA CTA TAG GGCCAATCGGCGGTATTTGTTTC

dsTC014774R

TAA TAC GAC TCA CTA TAG GGGACTGAAGTGAACTCGGTGTAG

dsTC002507F

TAA TAC GAC TCA CTA TAG CAATGCTGCCGTCCAAATAC

dsTC002507R

TAA TAC GAC TCA CTA TAG TTGGGTGACCATGAGGAAAG

dsTC004103F

TAA TAC GAC TCA CTA TAG GGACGTCAATGAGGGCCATAAG

dsTC004103R

TAA TAC GAC TCA CTA TAG GGTAATCCGGCCTTGTCTCAATC

dsTC009267F

TAA TAC GAC TCA CTA TAG CGAGTCGTTTGTTAGGGAGAAA

dsTC009267R

TAA TAC GAC TCA CTA TAG CGTTCGTGAGAGCAGCATATAA

dsTC008518F

TAA TAC GAC TCA CTA TAG CATCACTTCCCGTCTCATACTT

dsTC008518R

TAA TAC GAC TCA CTA TAG GTGACGCTAGTTGGGTTATCT

dsTC009619F

TAA TAC GAC TCA CTA TAG GGGCAGTCTGGTGGTTACTACATC

dsTC009619R

TAA TAC GAC TCA CTA TAG GGACGGAATAAGCGGGTCTTTAC

dsTC000030F

TAA TAC GAC TCA CTA TAG GGCGAAGATGGAAGAGGACAATGAG

dsTC000030R

TAA TAC GAC TCA CTA TAG GGCATCTTCGCCATCTGCGTAATA
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Table 5.2 (continued)
dsTC007251F

TAA TAC GAC TCA CTA TAG GGGACATGTGACAGCCCTAACT

dsTC007251R

TAA TAC GAC TCA CTA TAG GGGGTCGCCTGAGTAATATTCCAA

dsTC008129F

TAA TAC GAC TCA CTA TAG GGCGAAGACGAGGGCATTAACA

dsTC008129R

TAA TAC GAC TCA CTA TAG GGACCGGTAGGTGTAGATGGAATA

dsTC015921F

TAA TAC GAC TCA CTA TAG GGAGTTGGGATAGGCACCATAAC

dsTC015921R

TAA TAC GAC TCA CTA TAG GGCTAAATACCGGAAACGGCTCTAA

dsTC034643F

TAA TAC GAC TCA CTA TAG TGTTAGAGGCGGGTGAATTG

dsTC034643R

TAA TAC GAC TCA CTA TAG TCGCTCCTTCGTTGTTTACTT

dsTC010378F

TAA TAC GAC TCA CTA TAG GGAGCACCAGCAGGTTCTATTC

dsTC010378R

TAA TAC GAC TCA CTA TAG GGAGCCTTGACTTTCCTCCTTTC

dsTC008846F

TAA TAC GAC TCA CTA TAG GGATGGAAACGTAGCGACACTG

dsTC008846R

TAA TAC GAC TCA CTA TAG GGTGCAGTATTCTTCAGCCTTCTC

dsTC000126F

TAA TAC GAC TCA CTA TAG GGCGGCTACAAACATCAAGACATAAC

dsTC000126R

TAA TAC GAC TCA CTA TAG GGCTCGCTACGACCAGTTTCAATA

dsTC007435F

TAA TAC GAC TCA CTA TAG GGAGTCCGAGTCCGGAGAATTTA

dsTC007435R

TAA TAC GAC TCA CTA TAG GGGTGCCCTCGTAACCATTGATAG

dsTC013490F

TAA TAC GAC TCA CTA TAG GGGACGGGTTTGAGACCGATAAT

dsTC013490R

TAA TAC GAC TCA CTA TAG GGGTTCCAGGAGAGAACGTGAAA

dsTC008190F

TAA TAC GAC TCA CTA TAG GAGCTTCCTGGATCGGTTATG

dsTC008190R

TAA TAC GAC TCA CTA TAG CAGCGACCTCCTCATGTATTT

dsTC015420F

TAA TAC GAC TCA CTA TAG GAGAGTGTAGACAGGTGGGATA

dsTC015420R

TAA TAC GAC TCA CTA TAG GACAATTGGAGGGCACATAGA

dsTC004679F

TAA TAC GAC TCA CTA TAG GACGCTGGGATGGTTTGTAA

dsTC004679R

TAA TAC GAC TCA CTA TAG GTTCGGAGATGTCAGGATTGAG

dsTC008128F

TAA TAC GAC TCA CTA TAG TCCGCCTATTAGTCCAGGTTA

dsTC008128R

TAA TAC GAC TCA CTA TAG GGATTCTGAGGGACTTGTTGAG

qTC008142F

CGAATGGGTGACCGAAGAA

qTC008142R

GGAGTTGAGACTCCAGTGTTAC
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Table 5.2 (continued)
qTC006477F

GTCTAGTATGAAACTGGCCTCTC

qTC006477R

TTGGTGGGTTTGGACAGTAG

qTC011945F

CCTGACTTTGCCACCCTATC

qTC011945R

CCGATCTTTCCCTCGACTTTC

qTC003573F

CCTTATCAGAGGCAAGGCTAC

qTC003573R

CCCAACTCCAGTAACTCCTATAAC

qTC003198F

AGCCTATGCCACAACCTATG

qTC003198R

TGTGATGTGGCCTGGATTATT

qTC009742F

AAGCCGTAGTCACAGTAAACC

qTC009742R

CTGATTCCCTCTTGCACTCTC

qLOC655088F

CGGAATTGTGACCGAACCTATC

qLOC655088R

CACAGGCCACTCCAAACTATC

qTC014774F

GTTGCGAGCACCCTTTAGA

qTC014774R

GACTCATTGCCGTACCCATATT

qTC002507F

GTTACCGACAGAGGAGGAAATC

qTC002507R

CCAGCATCCTTGAGCCTTT

qTC004103F

ACTCGCGAAGTCGGAATAAC

qTC004103R

AGAGGCCGATTAGAATGTCTTG

qTC009267F

GCTTTAGCAACGCGTTTAGG

qTC009267R

GCTGCTGTAAGGTGAGAGAAT

qTC008518F

CGCGATGTGCTTCGTAGTAA

qTC008518R

CGACCTCAGATGCGCTAAAT

qTC009619F

CAGGGCTGTACCAAGGTTATT

qTC009619R

GGTTGTAGGCTCGTCGTTC

qTC000030F

TCCTCTGCCTCGTCGTAAA

qTC000030R

ATGAACCGGAATTGGCTCAG

qTC007251F

CTTTAACTGAGACCTACGGACTG

qTC007251R

GCCCATAATTTCGCCACTTG
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Table 5.2 (continued)
qTC008129F

GGTGAACGGACTAGTGAACAAT

qTC008129R

TGTGGTTTAGGTTGCGTACTT

qTC015921F

CCATCATCACCACCCATTGA

qTC015921R

GGGCTTCGTCTTAGAAATCCA

qTC034643F

AAGAATAGAACCGGCAGAC

qTC034643R

TTTACTCAGCGTTTCCGT

qTC010378F

CATGTGTGGGAAAGTGTTGAG

qTC010378R

CGTGCTGAGTGTTGGATTTG

qTC008846F

TGTCAACTAAAGGGCAAGAAGG

qTC008846R

GGCATGCAGTTACCGTATATAGAA

qTC000126F

GAAACTGGTCGTAGCGAGATT

qTC000126R

CCTCATAATCGCCAACTGTACT

qTC007435F

CTGGGTACGTCCCTGTTTATTT

qTC007435R

TCTCCTGAAATCGCTCCAATAC

qTC013490F

TGACGTCATACCTTATCTCTGTT

qTC013490R

AGACTTGGATCATATCCTCCTTT

qTC008190F

CGGAACAAGAGAGTGCTCAA

qTC008190R

GGTGCATCCGCTTCTACAT

qTC015420F

TGGTTCGGCTGGCAAATA

qTC015420R

CGCCAGATCACTCGAAACA

qTC004679F

CGCGACCTTTCGCTAGTT

qTC004679R

CTCGTTCAGCCTCATCTTGTAG

qTC008128F

GGTACAATTGAGGAACCAAGGA

qTC008128R

GCCTGCATTGTGCTGATTTAG
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Table 5.3 Gene group: Lysine acetyltransferases (KAT) in T. castaneum
HGNC
Gene name
Tribolium gene symbol
Drosophila
gene
and locus tag
gene
symbol
symbol
KAT5

Histone acetyltransferase
Tip60

LOC664310-TC008142

Tip60

KAT6A

Histone acetyltransferase
KAT6A

LOC659405-TC006477

Enok

KAT7

Histone acetyltransferase
KAT7

LOC658964-TC011945

Chm

KAT8

Histone acetyltransferase
KAT8

LOC656837-TC003573

Mof

ATAT1

Alpha-tubulin Nacetyltransferase 1

LOC660866-TC003198

Tat

ESCO1/2

N-acetyltransferase ESCO2

LOC661939-TC009742

Eco

HAT1

Histone acetyltransferase type
B catalytic subunit

LOC655088-TC002077

Hat1

KAT2A

Histone acetyltransferase
KAT2A

LOC658128-TC014774

Gcn5

CREBBP

CREB-binding protein

LOC664565-TC008222a

nej

TAF1

Transcription initiation factor
TFIID subunit 1

LOC658493-TC002507

Taf1

ELP3

Elongator complex protein 3

LOC656399-TC004103

Elp3

NCOA2

nuclear receptor coactivator 1

LOC656017-TC014255b

Tai

KAT14

Cysteine-rich protein 2binding protein

LOC103313557TC009267

Atac2

MCM3AP

Protein x-mas-2

LOC657257-TC008518

Xmas

a (Roy et al., 2017; Xu et al., 2018), b (Z. L. Zhang et al., 2011)
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Table 5.4 Gene group: N-terminal acetyltransferases in T. castaneum
HGNC
Gene name
Tribolium gene symbol Drosophila
gene
and locus tag
gene
symbol
symbol
GNPNAT1

Probable glucosamine 6phosphate N-acetyltransferase

LOC660783-TC009619

Gnpnat

NAA10

N-alpha-acetyltransferase 10

LOC658076-TC000030

Vnc

NAA20

N-alpha-acetyltransferase 20

LOC664281-TC007251

Naa20A

NAA30

N-alpha-acetyltransferase 30

LOC664218-TC008129

Naa30A

NAA40

N-alpha-acetyltransferase 40

LOC655482-TC015921

Naa40

NAA50

Probable N-acetyltransferase
san

LOC107397753TC034643

San

NAA60

N-alpha-acetyltransferase 60

LOC660507-TC010378

Naa60

NAA80

N-acetyltransferase 6

LOC103313702TC008846

Naa80

NAT9

N-acetyltransferase 9-like
protein

LOC659678-TC000126

CG11539

NAT10

RNA cytidine
acetyltransferase

LOC662819-TC007435

L(1)G0020

SATL1

Diamine acetyltransferase 2

LOC662606-TC013490

CG4210
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Table 5.5 Gene group: N(alpha)-acetyltransferase subunits (NAA) in T. castaneum
HGNC gene
Gene name
Tribolium gene symbol
symbol
and Locus tag
NAA16

N(alpha)-acetyltransferase 16, NatA
auxiliary subunit

LOC664508-TC008190

NAA25

Phagocyte signaling-impaired
protein, NatB auxiliary subunit

LOC100141721-TC015420

NAA35

N(alpha)-acetyltransferase 35, NatC
auxiliary subunit

LOC655496-TC004679

NAA38

N(alpha)-acetyltransferase 38, NatC
auxiliary subunit

LOC664214-TC008128
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Table 5.6 Summary statistics of RNA-seq output of dsNAA40 treated insects
A. Run Summary
Lane PF* Yield (bp) Number of PF* Q30%
Average
Clusters**
Quality Score
7

24,715,996,490

368,895,470

86.92

36.12

6

25,541,205,206

381,212,018

87.07

36.16

* PF: Passed Filter. ** For single-read sequencing (SR), number of reads =
number of clusters.
B. Read count statistics
Samples
Read Count

Single, mapped %

MalE-24-1

41,910,282

92.07

MalE-24-2

19,402,756

89.20

MalE-24-3

23,070,198

93.40

MalE-72-1

14,705,827

69.45

MalE-72-2

13,818,255

92.13

MalE-72-3

17,149,691

71.93

MalE-120-1

29,173,840

77.10

MalE-120-2

51,029,044

91.35

MalE-120-3

37,897,576

93.24

TC015921-24-1

33,241,107

90.78

TC015921-24-2

30,885,856

91.60

TC015921-24-3

31,074,266

91.09

TC015921-72-1

20,604,614

87.50

TC015921-72-2

21,260,381

91.77

TC015921-72-3

19,964,995

89.22

TC015921-120-1

43,257,797

90.48

TC015921-120-2

41,238,927

91.38

TC015921-120-3

32,991,035

89.66
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A

B

a) dsESCO1/2

e) dsKAT14

b) dsELP3

c) dsATAT1

f) dsKAT5

d) dsTAF1

g) dsmalE

Figure 5.1
Mortality caused by dsRNA mediated knockdown of Lysine
acetyltransferases in T. castaneum.

A) Twelve lysine acetyltransferases (KATs) were selected for preliminary screening in
this study. dsRNA was synthesized and injected into newly molted last instar larvae.
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Development defects and mortality were accounted every day until death or adult eclosion.
Control insects were injected with dsRNA targeting gene encoding for maltose-binding
protein from Escherichia coli (malE). * indicates treatments that significantly different
from control, P £ 0.05 by t-test. 60% larval phenotype was observed with Nacetyltransferase ESCO1/2 (TC009742) treated insects. 100% larval mortality was
observed after ten days in Transcription initiation factor TFIID subunit 1 (TAF1) treated
insects. B) Larval and pupal phenotypes of selected genes from group: Lysine
acetyltransferases. a) dsESCO1/2 b) dsELP3 c) dsATAT1 d) dsTAF1 e) dsKAT14 f)
dsKAT5 g) dsmalE.
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A

B

a) dsNAA10/Vnc

b) dsNAA50/San

c) dsNAT10

Figure 5.2 Mortality caused by dsRNA mediated knockdown of N-terminal
acetyltransferases in T. castaneum.

A) Preliminary screening results of N-acetyltransferases (NATs). Eleven genes were
selected and subjected to dsRNA mediated knockdown studies. N-a-acetyltransferase 10
(NAA10), and RA cytidine acetyltransferase (NAT10) showed severe phenotype and 100
% mortality after ten days. Probable N-acetyltransferase san (NAA50) showed a 60 %
larval phenotype. Whereas, N-a-acetyltransferase 40 (NAA40) treated insects were live
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and active as normal larvae up to 15 days, and later 100 % larval mortality was observed.
* indicates treatments that significantly different from control, P £ 0.05 by t-test. B) Larval
and pupal phenotype of selected NATs a) dsNAA10 b) dsNAA50 c) dsNAT10
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A

B

dsNAA16
Figure 5.3
Mortality caused by dsRNA mediated knockdown of N-aacetyltransferases in T. castaneum.

A) Preliminary screening results of N-a-acetyltransferases (NAAs). Four genes were
categorized under this gene group. B) The larval phenotype of dsNAA16 after ten days.
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a

b

c

d

e

f

g

Figure 5.4 NAA40 RNAi phenotypes.

a) Larval phenotype without the dorsal split. After removal of the cuticle, the white-colored
larval phenotype was observed inside. b) Wild type last instar larva. c) The larval-pupal
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intermediate phenotype of dsNAA40 injected insects. After nine days of treatment, insects
developed a dorsal split. After removal of the cuticle, the white-colored phenotype was
found inside with compound eyes and wing bugs. d) Wild type pupa. e) Head capsule
measurement of phenotypes. f) NAA40 injected penultimate larvae developed dorsal split
after six days, and some larvae molted and then developed larval phenotype after 13 days
of injection. g) dsNAA40 injected pupae showing abnormal adult phenotype exhibiting
both pupal and adult structures at seven days after injection of dsRNA.
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A

C

Relative mRNA levels

B

Figure 5.5 Developmental expression pattern and 20E induction of NAA40.

A) Stage-specific, developmental expression profiles of NAA40 determined by RT-qPCR
using Ribosomal Protein 49 (rp49) mRNA levels for normalization. Samples were
164

collected at 24 h intervals during penultimate, final instar larvae, and pupal stages. For each
time, two larvae/pupae were used for one replication. Mean ± SE of four replication is
shown. Levels not connected by the same letter are significantly different. B) Ecdysone
analog 20-Hydroxyecdysone (20E) significantly up-regulate the relative expression of
NAA40 in Tribolium cell line TcA. Total RNA was isolated from 1x106 cells that were
cultured in the medium containing 20E, or JH III, or DMSO at a final concentration of
10µm. Six hours after treatment, total RNA was isolated, RT-qPCR determined the relative
levels of NAA40. JH III does not have an effect on NAA40 expression in TcA cells. Mean
± SE (n=4) are shown. Levels not connected by the same letter are significantly different,
P £ 0.05 by t-test. C) EcR is required for the induction of NAA40 by 20E. TcA cells were
exposed to dsEcR or dsmalE. At 72 h after the addition of dsRNA, the cells were treated
with DMSO or 20E. Total RNA isolated from cells was used to quantify EcR, NAA40, and
E75 mRNA levels. The data shown are mean ± SE (n=4). The data were analyzed using
analysis of variance, each pair student’s t-test. Mean values with the same letter are not
significantly different from each other.
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Figure 5.6 Knockdown efficiency of NAA40 and effect on 20E response genes.

Newly molted last instar larvae were injected with dsNAA40 and dsmalE. Total RNA was
extracted at 24 h interval after treatment up to five days. Significantly low levels of NAA40
was observed after 24 h of injection. The relative mRNA levels of ecdysone receptor EcR
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was determined. A significant knockdown of EcR was observed at all the time points. The
relative mRNA levels of ecdysone induced gene E93 was determined. The E93 levels were
usually low immediately after molting. A significant knockdown of E93 was observed. The
relative mRNA levels of BR-C were determined. A significant knockdown of BR-C was
observed after 96 h of dsNAA40 injection. Significantly low levels of HR3 mRNA was
observed during 24, 48, and 72 hours after NAA40 knockdown. The relative mRNA levels
of JH response gene Kr-h1 was determined; NAA40 knockdown significantly induces the
Kr-h1 expression in the Tribolium larvae.
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A

B

Figure 5.7 Effect of dsNAA40 on genes involved in hormone action and biosynthesis.

A) One day old last instar larvae were injected with dsNAA40. Total RNA was extracted
at 48 h after treatment. Significantly low levels of E93, BR-C, and EcR_A were observed.
Gene related to ecdysone biosynthesis, Shade. Juvenile hormone acid methyltransferase
(JHAMT), a gene associated with JH production in the corpora allata, is also not affected
by dsNAA40. B) To determine the levels of ecdysone response genes during the
developmental period of dsNAA40 injected larvae, we injected newly molted last instar
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larvae (day 0) and collected samples at three days interval after injection up to 12 days.
The control insects pupated in five-six days. Interestingly, there is a significant reduction
at nine days for E93, BR-C, and EcR_A levels. JH response gene Kr-h1 levels were
increased during the later stage.
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dsNAA40 dsmalE

A

B

C

Figure 5.8 RNA-seq analysis at 24 h after injection of dsNAA40 into last instar larvae

A) NAA40 knockdown in newly molted last instar larvae of T. castaneum affects
transcription of many genes. Heatmap of RNA-seq data based on the differential expression
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profile of the transcripts regulated by NAA40 in T. castaneum at 24 h. The heat maps were
generated by the CLC genomics (Qiagen Bioinformatics USA), using the normalized mean
expression values derived from RNA-seq data from dsmalE and dsNAA40 injected insects.
B) Volcano plot showing differentially expressed genes in the NAA40 knockdown larvae
at 24 h. The X and Y-axis represent the –log10 p-value and log2 fold change of mean
normalized values, respectively. The red dots show the selected genes based on the p-value
(P £ 0.05) and fold difference ( ³ 2). C) The WEGO on the number and percent of genes
in cellular components, molecular component, and biological function ontology
classification group for the T. castaneum transcriptome. At 24 h, the genes involved in the
biological regulation, metabolic process, and binding, etc. are differently expressed. The
Blast2GO pro-plugin software was used for the functional annotation of the transcripts.
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Figure 5.9 RNA-seq analysis at 72 h after injection of dsNAA40 into last instar larvae

A) Heatmap of RNA-seq data based on the differential expression profile of the transcripts
regulated by NAA40 in T. castaneum at 72 h. The heat maps were generated by the CLC
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genomics (Qiagen Bioinformatics USA), using the normalized mean expression values
derived from RNA-seq data from dsmalE and dsNAA40 injected insects. B) Volcano plot
showing differentially expressed genes in the NAA40 knockdown larvae at 72 h. The X
and Y-axis represent the –log10 p-value and log2 fold change of mean normalized values,
respectively. The red dots show the selected genes based on the p-value (P £ 0.05) and fold
difference ( ³ 2). C) The WEGO on the number and percent of genes in cellular
components, molecular component, and biological function ontology classification group
for the T. castaneum transcriptome. At 72 h, the main GO terms are developmental process,
cellular response, and binding. The Blast2GO pro-plugin software was used for functional
annotation of the transcripts.
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Figure 5.10 RNA-seq analysis at 120 h after injection of dsNAA40 into last instar
larvae

A) Heatmap of RNA-seq data based on the differential expression profile of the transcripts
regulated by TC015921 in T. castaneum at 120 h. The heat maps were generated by the
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CLC genomics (Qiagen Bioinformatics USA), using the normalized mean expression
values derived from RNA-seq data from dsmalE and dsNAA40 injected insects. B)
Volcano plot showing differentially expressed genes in the NAA40 knockdown larvae at
120 h. The X and Y-axis represent the –log10 p-value and log2 fold change of mean
normalized values, respectively. The red dots show the selected genes based on the p-value
(P £ 0.05) and fold difference ( ³ 2). C) The WEGO on the number and percent of genes
in cellular components, molecular component, and biological function ontology
classification group for the T. castaneum transcriptome. At 120 h, the main GO terms are
the regulation of the biological process, cellular-metabolic process, and binding. The
Blast2GO pro-plugin software was used for functional annotation of the transcripts.
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Figure 5.11 Venn diagram representing the common genes identified during all the
time points. 38 DEGs (2.6%) were identified after NAA40 knockdown at 24, 72, and
120 h samples.
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Figure 5.12
castaneum.

dsNAA40

dsmalE

dsNAA40

NAA40 knockdown affects acetylation levels of histone H4 in T.

The total protein was extracted five days after injection of NAA40 or dsmalE injected
larvae. A) Digested samples were resolved on SDS-PAGE gels, transferred to western
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blots, and probed with Acetylated-Lysine (Ac-K2-100) MultiMabTM Rabbit mAb mix
#9814 to detect proteins post-translationally modified by acetylation (Cell Signaling, MA).
NAA40 knockdown does not affect total acetyl lysine of core histones in T. castaneum B).
Samples were probed with antibodies that recognize Ser1, Lys 5, Lys 8, and Lys 12
acetylated Histone H4 in broad species (Anti-Ac-Histone H4 (E-5): sc-37520). ß-actin
served as a loading control. Band density was determined by Image-J software and
normalized with loading control protein-ß-Actin.
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Figure 5.13 Phylogenetic tree of NAA40 orthologs.

The evolutionary HDAC tree was inferred using the Neighbor-joining method.
Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016). The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used
to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson
correction method and the units of the number of amino acid substitutions per site.
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Figure 5.14 Acetyl Co-A domain of NAA40 orthologs created by Clustal2.1.

Fungi: Saccharomyces cerevisiae (Sc) (Yeast). Plantae: Arabidopsis thaliana (At).
Nematoda: Caenorhabditis elegans (Ce). Arthropoda: Acyrthosiphon pisum (Insecta:
Homoptera), Drosophila melanogaster (Dm) (Insecta: Diptera), Aedes aegypti (Insecta:
Diptera), Anopheles gambiae (Insecta: Diptera), Ixodes scapularis (Arachnida: Ixodida),
Apis mellifera (Insecta: Hymenoptera), Bombyx mori (Insecta: Lepidoptera), Daphnia
pulex (Crustacea: Water flea), Pediculus humanus capitis (Insecta: Phthiraptera),
Tribolium castaneum (Insecta: Coleoptera), Vertebrata: Homo sapiens (Hs), Danio rerio
(Dr), Rattus norvegicus (Rn), Mus musculus (Mm).
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Figure 5.15 Multiple sequence alignment: Clustal omega.

Comparison between the T. castaneum full-length NAA40 amino acid sequence with D.
melanogaster and human NAA40 amino acid sequences by Clustal2.1 (Raghava & Barton,
2006). Percent Identity Matrix revealed that T. castaneum NAA40 is closely related to
human NAA40 than D. melanogaster NAA40.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS.
Juvenile hormones (JH) and ecdysteroids (20E, 20-hydroxyecdysone is the most
active form) regulate almost every aspect of insect life, and their mimics are being used to
control insect pests and disease vectors. However, not much is known on the role of
epigenetic and post-translational modifications of proteins involved in the action of these
hormones. The main goal of my dissertation was to identify and determine the role of the
epigenetic factors in the modulation of hormone response in the red flour beetle, Tribolium
castaneum. However, in a broader sense, this study will also advance our knowledge and
provide information of potential importance for the development of insecticide. The study
of both genetics and epigenetics will help to understand diseases like cancer further and
help to develop preventative measures as well as novel medical treatments. The
contributions of my dissertation research to the insect physiology, biochemistry, and
molecular biology are summarized below.
I aimed to gain an understanding of the role of individual histone deacetylase genes
in the model organism, T. castaneum using RNA interference (RNAi). Twelve HDACs
were identified, and their function was analyzed in T. castaneum. RNAi-mediated
knockdown of 12 HDACs revealed that HDAC 1, 3, and 11 are required for larval, pupal,
and adult development. RNAi-mediated knockdown of HDAC genes showed that HDAC1
plays critical roles in the regulation of growth and development of this insect by
suppressing the expression of many larval genes, including those involved in JH action.
The expression of HDAC1 is suppressed by JH, increasing in acetylation levels of core
histones, which in turn promotes the expression of larval genes and suppression of
metamorphosis. Knockdown of the HDAC3 gene affected growth and development,

resulting in abnormally folded wings in pupae and adults. I also showed that HDAC11
knockdown affects hormone action and melanin biosynthesis and thereby arrest in
development and metamorphosis of the red flour beetle, T. castaneum. Developmental
expression profiles of HDACs helped to identify the relation between hormone titers and
the HDAC mRNA levels.
JH suppresses the expression of HDACs and thereby acts as an HDAC inhibitor to
promote the expression of genes through transcription factor Kr-h1. HDACs remove acetyl
groups from the lysine residues of histone proteins and thereby induce local condensation
of chromatin and transcriptional repression. Further studies are required to confirm the
identity of lysine residues responsible for this interaction and effect of these on downstream
genes such as Kr-h1 since it acts as a repressor of Br-C and E-93 gene expression
(Kayukawa, Jouraku, Ito, & Shinoda, 2017; Kayukawa et al., 2016). These data suggest
that epigenetic modifications influence JH action by modulating acetylation levels of
histones and by affecting the recruitment of proteins involved in the regulation of JH
response genes. JH plays a crucial role in suppressing the HDACs, the major repressors of
gene expression. I propose that JH suppresses HDAC gene expression, and HDACs
regulate the expression of genes coding for transcription factors involved in the expression
of JH response genes. Further studies are underway to study the protein-protein interactions
and chromatin level action of HDACs at the promoters of JH-response genes.
Table 6.1 summarizes the major insect hormone research focused on acetylation to
date. Only a few acetyltransferases have been studied in insects, mainly in D.
melanogaster. Studies from our lab using model organism T. castaneum demonstrated the
role of acetylation and deacetylation in the regulation of hormone-induced gene expression
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(George et al., 2019; Roy et al., 2017; Roy & Palli, 2018; Xu et al., 2018). I also identified
and classified the major acetyltransferases homologs in the red flour beetle and analyzed
their roles in growth, development, and metamorphosis. The three major groups are Lysine
acetyltransferases, N- acetyltransferases, and N-alpha acetyltransferases. These studies
identified seven genes including TC009742 (N-acetyltransferase ESCO2), TC002507
(Transcription initiation factor TFIID subunit 1), TC00030 (NAA10), TC015921(NAA40),
TC007435 (RNA cytidine acetyltransferase), TC008190 (NAA16), and TC034643
(Probable N-acetyltransferase san) whose knockdown induced block in larval
development. Knockdown of TC015921 showed interesting larval and pupal phenotype.
Also, knockdown of four genes, including TC003198 (ATAT1), TC009267 (KAT14),
TC008142 (KAT5), and TC015420 (NAA25) blocked adult development. In my research,
I focused on one of these genes, NAA40, with unique characteristics and substrate
specificity. I demonstrated the first evidence that TC015921, NAA40 ortholog, plays an
important role in regulating 20E induced gene expression in T. castaneum.
Future studies
The epigenetic mechanism is a complex process that alters the gene expression
patterns without changing the genetic makeup of the organism. The key players are histone
modifications, histone variants, DNA modifications, RNA modifications, and non-coding
RNAs (Aristizabal et al., 2019) (Fig. 6.1). The main histone modifications are acetylation,
methylation, and phosphorylation, and my dissertation focused on the role of acetylation
in the expression of hormone response genes. Future studies should focus on the
identification of acetylation sites of proteins using Mass Spectrometry and identification
of partner proteins that interact with HDACs and HATs. A better understanding of genes
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identified in this study could lead to the discovery of new targets, new strategies, and
improved management of pests. Other potential areas for future studies are the role of
acetylation, methylation, and phosphorylation on the function of protein-protein
interactions in the regulation of gene expression patterns concerning hormone action (Fig.
6.1). These studies will eventually enable us to describe the hormone signaling mechanisms
at the organismal level to address developmental transition.

185

Table 6.1 Insect hormone epigenetic research thus far focused on acetylation
Model organism Gene
Target hormone
Reference
symbol
D. melanogaster

dATAC

Ecdysone

(Pankotai et al., 2010)

D. melanogaster

CBP

Ecdysone

(Kirilly et al., 2011b)

D. melanogaster

CBP

Ecdysone

(Bodai et al., 2012b)

B. germanica

CBP

CBP

(Fernandez-Nicolas &
Belles, 2016)

T. castaneum

CBP

JH

(Roy et al., 2017)

T. castaneum

CBP

Ecdysone, JH

(Xu et al., 2018)

T. castaneum
Cells

Acetylation/

JH

(Roy & Palli, 2018)

T. castaneum

HDAC1

JH

(George et al., 2019)

deacetylation
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RNAs
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5. RNA
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AAA
AAA

-Phosphorylation

Figure 6.1 A model for various epigenetic mechanisms

Histone variants and histone modifications (Acetylation, methylation, phosphorylation) are
the main modifications at the chromatin level. DNA modifications targets on cytosine
/Adenine residues of the genetic material. Non-coding RNAs are associated with other
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complexes and can regulate transcription. RNA nucleotides can be modified by the addition
of chemical tags. KMT-Lysine methyltransferase, KDM-Lysine demethylase.
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